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1 
Chapter I 
Introduction 
A. General 
(1) 
( 2) 
( 3) 
(4) 
(5) 
(6) 
(7) 
(8) 
The heteropoly electrolytes are a large fundamental 
category of compounds which has received relatively little 
study in modern terms. The findings reported below con-
stitute contributions to the knowledge of the formulas, 
structures, and chemical behaviors of various heteropoly 
molybdates. The status of knowledge about heteropoly molyb-
dates has been summarized elsewhere1 -8. 
L.C.W. Baker, "Properties of the Heteropolymolybdates", 
Information Bulletin Cdb-12, Climax Molybdenum Co., 
New York, N.Y., 1956. 
A. F. Wells, "Structural Inorganic Chemistry", Second Ed., 
Oxford University Press, New York, N.Y., 1950, p. 89-93, 
348-355. 
H. J. Emel~us and J. S. Anderson, "Modern Aspects of 
Inorganic Chemistry", Second Ed., D. Van Nostrand Co., 
New York, N. Y., 1952, p. 206-227. 
P.C.L. Thorne and E. R. Roberts, "Ephriam's Inorganic 
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The present work concerns five topics: 
(1) Exchanges of radioactive molybdenum(VI) atoms 
and radioactive central atoms between certain 
isomorphous heteropoly 6-molybdate anions and 
other species. 
(2) Partial clarification of the formulas, structures, 
and properties of 6-molybdorhodate(III) anion, 
[Rh+3Q 6Mo60~ 5+nH2n]-3 , and of 6-molybdonickelate(II) 
anion, [Ni+20eMoeO~sHe] - 4 • 
(3) Determination of the ionic-weights in solution, 
by fused hydrate cryoscopy, for the 6-molybdate 
anions of Cr(III), Fe(III), Al(III), Co(III), 
Ni(II), and the 5-molybdocobaltate(III) anion, re-
vealing the dimeric nature of the latter ion, the 
monomeric nature of the others, and the stability 
of each over a range of concentration. 
(4) Clarification of the preparations, properties, 
formulas, and structures of heteropoly molybdo-
cobaltates. 
(5) Clarification of the preparations, properties, 
formulas, and structural considerations for the 
heteropoly 9-molybdates of phosphorus(V) and 
arsenic(V) plus attempted preparations of molybdo-
antimonates(V) and molybdobismuthates(V). 
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A number of new compounds had to be prepared and 
characterized in the course of the pursuit of the above 
topics. 
For each of these five main topics, a brief statement 
of the problem, general methods of attack, and the main 
conclusions will now be given. Detailed discussion of the 
pertinent background, the results, the interpretations, and 
their significances will be given in the five separate 
sections of the chapter entitled ''Discussion" (Chapter III) . 
B. The Problems: 
(1) 
( 2) 
( 3) 
(4) 
1) Exchanges of Radioisotopes: No studies of exchange 
rates and relative labilities of heteropoly anions had been 
reported prior to this investigation. For this purpose, an 
isomorphous series of heteropoly 6-molybdate anions was 
chosen. Owing to chemical circumstances, exchange studies 
had eventually to be confined to two anions of the series 
(the Cr and Fe derivatives). The members of this series may 
be formulated [x+30 6Moe0~ 5+nH2n]-3 , wherein x+s may be 
Cr(III), Fe(III), Al(III), Co(III), Rh(III), or Ga(III) and 
wherein the value of "n" is unknown at present1- 4 . The value 
of "n" may be zero or a small integer, most probably 3. 
L.C.W. Baker et al., J. Am. Chern. Soc., 77, 2136 (1955). 
C. W. Wolfe, M. L. Block, and L.C.W. Baker, J. Am. Chern. 
Soc., 77, 2200 (1955). o:-w. Rollins and J. E. Earley, J. Am. Chern. Soc., 81, 
5571 (1959)~ --
G. A. Tsigdinos, M. T. Pope and L.C.W. Baker, Abstracts of 
Papers Presented before the Division of Inorganic Chemistry, 
Am. Chern. Soc. National Meeting, Boston, April, 1959. 
(1) 
1 Previously, it has been assumed , in the absence of 
evidence, that all heteropoly anions are always very labile. 
2 However, the observations that the Cr and Co derivatives 
in the series cited above are extremely resistant to de-
composition even in boiling solution, while their Fe and Al 
isomorphs decompose very readily, suggested the possibility 
that these differences might be caused by pronounced dis-
4 
similarities in the activation energies necessary for rupture 
and reformation of attachments between the central atoms 
and other atoms, that is, to differences in 11 lability" of 
the 11 bonds 11 joining the central atoms to oxygen atoms in the 
complexes. 
In each of these isomorphous complexes, the central atom 
is contained within an octahedron of oxygen atoms. Each 
Mo(VI) atom is also almost certainly contained within an 
octahedron of oxygen atoms 2,3. According to the inter-
pretations of lability provided by both the valence bond 
theory4 and by the ligand field theory5, the Co(III) and 
Cr(III) atoms should form inert attachments in these compounds 
P.C.L. Thorne and E. R. Roberts, 11 Ephriam's Inorganic Chem-
istry11, Fifth Ed., Interscience Publishers, New York, N.Y., 
1948, p. 512-521. 
L.C.W. Baker et al., J. Am. Chern. Soc., 77, 2136 (1955). 
U. C. Agarwala, Doctoral Dissertation, Boston University, 
1960. 
H. Taube, Chern. Revs., 50, 69 (1952). 
F. Basolo and R. -G.' .Pearson, 11 Mechanisms of Inorganic 
Reactions", John Wiley and Sons, Inc., New York, N. Y., 
1958, Chapter 3. 
while the Al(III) and Fe(III) should form labile attachments 
with the atoms coordinated to them. That behavior has been 
found to hold for numerous octahedral complexes wherein 
tervalent Fe, Co, Al, and Cr have configurations of their 
3d electrons corresponding to those in their respective 
heteropoly 6-molybdate derivatives1 ' 2 . Both of the above-
mentioned theories of lability envisage, during exchange or 
substitution reactions of octahedral complexes, the formation 
of particular 'Unstable species for which good evidence is 
wanting. The achievement of some of these configurations 
would seem difficult within a heteropoly structure. 
According to each of the theories of lability of com-
plexes cited above, the Mo-O bonds in the Mo(VI)0 6 octahedra 
should be very labile. (Here and in subsequent discussions 
5 
it is convenient to write in terms of "bonds" between particular 
atoms and in terms of "labile bonds", "inert bonds", etc. 
This is a matter of convenience of phraseology and does not 
imply a conceptualization merely in terms of the valence bond 
approach.) 
While the predicted lability of the Mo-O bonds might 
lead to the expectation that each heteropoly complex as a 
whole would be very labile, achieving equilibria rapidly with 
other molybdate species, it must also be remembered that in 
L.C.W. Baker, et al., J. Am. Chern. Soc., 77, 2136 (1955). 
F. Basolo and R. <i"'7" Pearson, "Mechanisms of Inorganic Re-
actions", John Wiley and Sons, Inc., New York, N.Y., 
1958, Chapter 3. 
( 3) 
the heteropoly structure the Mo0 6 octahedra are all inter-
laced through sharing of edges of the octahedra with one 
another and with the X0 6 central octahedron. This struc-
tural condition might act to decrease the overall lability 
very markedly. Additional evidence that the general 
lability of heteropoly complexes might not be so great as is 
usually assumed, was to be found in the facts that the en-
antiomorphic 9-molybdomanganate(IV) ion, [Mn+4 06 Mo90 26]-e, 
1 
retains optical activity in solution , and that various 
heteropoly anions which may be easily isolated actually 
represent metastable species2,3. It was therefore highly 
desirable that exchange studies be carried out with hetero-
poly species in order to provide some elucidation concern-
ing the general lability of their molybdate functionality. 
It was also hoped that it might be possible to show that 
general molybdate labilities of heteropoly complexes could 
be correlated with the labilities of their central atom-
oxygen bonds, the latter being predictable on the basis of 
electronic configurations of the central atoms. 
Limitations of ranges of pH stability and non-
availability of certain isotopes prevented full realization 
D.P. Shoemaker, Private Communication, 1957. 
L.C.W. Baker, "Properties of the Heteropolymolybdates 11 , 
Information Bulletin Cdb-12, Climax Molybdenum Co., 
New York, N. Y., 1956. 
H. Wu, J. Biol. Chern., 43, 189 (1920). 
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of the last-mentioned objective, although the evidence 
for the two compounds investigated corroborates the 
hoped-for behavior. Other, unforseen, very interesting 
results were obtained. (It will be shown in later sections 
that, for this particular heteropoly series, the reason why 
the Al and Fe derivatives decompose more readily than the 
Cr and Co derivatives depends upon chemical factors other 
than lability differences.) 
Precipitation methods had first to be found, and 
their reliability established, for the quantitative quick 
separation of the heteropoly 6-molybdate anions (a) from 
[Mo70 24]-s (paramolybdate) and (b) from [cr(H20)s]+3 ions. 
Exchanges of Mo-99 were then carried out between paramolyb-
date and (a) [crOsMos01s+nH2n]-3 and (b) [Fe0sMos015+nH2n]-3 
at 29.5°C. and over a range of pH from 2.5 to 4.5. In each 
case, the exchange was complete within the time of mixing. 
These exchanges were then carried out at 0°C. In the case of 
the iron complex, the Mo exchange was again quite rapid (80% 
7 
complete in less than one minute at pH 2.5), but the Mo 
exchange with the Cr complex was relatively slow at 0°C. 
(tl/2 = 35 min. a·t pH 2.5). This marked difference may be 
attributed in some degree to the expected lability of 
the Fe-0 bonds as contrasted with the expected inertness 
of the Cr-0 bonds but the case involves a number of 
complexities. Arguments based on a combination of the 
kinetic results with structural limitations will be pre-
sented in Chapter III. These arguments show that the 
compactness and rigidity imparted by crystal field stabiliza-
tion energy to the Cr06 octahedron, as contrasted with the 
unstabilized flexible Fe0 6 group, are probably more 1m-
portant than the relative ease of making and breaking bonds 
,; 
with the Fe or Cr, in causing the difference between the Mo 
exchange rates. This orients attention toward the relative 
importance of rigidity and compactness as opposed to other 
electronic factors in explaining relative labilities of 
simple complexes. 
8 
The exchange rate of Cr-51 between [cr0 6 Mo 6 0l 5 +nH2 n]- 3 
(designated "A" below) and (cr(H 2 0) 6]+3 (designated "B" 
below) was then studied at 29.5°C., the ionic strength 
being maintained constant with NaC104 . The exchange rate 
+ was found to be pH dependent, and was studied at total H 
molarities between 0.010 and 0.10. This range of pH was 
enforced by the necessity for working under conditions 
where the extent of hydrolysis of hydrated chromic ion would 
be negligible and where the heteropoly complex would be 
stable. The concentrations of A and B were varied over a 
fairly wide range. The best preliminary explanation for 
these kinetic results appears to be the assumption that the 
9 
exchange proceeds via two parallel and simultaneous reactions, 
according to a rate law: R = kl[A] + k 2 [A) (B] at constant 
+ H concentration. The magnitudes of these first and second 
order constants were obtained. In these experiments the 
half-times of the Cr exchanges ranged from 5 to 45 minutes. 
Excellent reproducibility was achieved. 
These relatively short half-times for the Cr exchange 
contrast very sharply with the long exchange times for 
Cr(III) with other chromic complexes. They also contrast 
sharply with the half-time of about 40 hours which has been 
found for 0-18 exchange between [cr(H2 0)i)+3 and H2 0 in 
0.13M HC104 1 ' 2 . 
(1
2
) J. P. Hunt and H. Taube, J. Chern. Phys., 19, 602 (1951). 
( ) R. A. Plane and H. Taube, J. Phys. Chern., 56, 33 (1952). 
(1) 
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In view of all the exchange rates cited above it 
is proposed that in the Cr exchanges, by both paths, the Cr0 6 is 
probablyexchanging as a unit with the inert Cr-0 bonds 
unbroken. So far as the author has been able to ascertain, 
this is the first report of an exchange by such a MOx unit 
as a whole. Further, this appears to be the first example 
of a chromic complex which exchanges chromium rapidly. 
The desirability of 0-18 exchanges with 6-molybdo-
chromate(III) is strongly indicated for future work. 
Numerous attempts were made to find conditions wherein 
analogous exchanges of central atoms could be carried out 
using the Fe, Al, or Co isomorphs of the chromic complex. 
These all failed. The Fe and Al complexes always decomposed 
under conditions where the hydrolyses of ferric ions and 
of aluminum ions (including the formation of polynuclear 
hydrolysis products) were negligible. The [co(H2 0) 6]+3 
ion is not sufficiently stable in aqueous solution under 
these conditions to enable meaningful measurements to be 
made. 
2) The Formulas, Structures, and Properties of 
6-Molybdonickelate(II) and 6-Molybdorhodate(III) Anions: An 
ammonium and a potassium salt of 6-molybdonickelate(II) had 
been reported in the older literature1 , but a correct formu-
lation for the anion had not been deduced. Improved 
G. A. Barbieri and S. G. Ciamician, Att. Line., (5), 23II, 
357 (1914). 
(1) 
( 2) 
preparations for those salts have been devised and the 
new compound, Na4[NiOsMos0~SHs]·l6H20, has been prepared 
and analyzed. It was shown that the free acid of the 
11 
complex spontaneously decomposes. Potentiometric titrations 
of salts and free acid revealed the charge on the anion. 
Measurements of the absorption spectrum led to the con-
clusion that the Ni(II) atom lies within an octahedron of 
oxygen atoms. The complex was shown to be paramagnetic. 
Fused salt cryoscopy proved that the anion is monomeric. 
The powder X-ray pattern for the sodium salt was found to 
have its peaks located at exactly the same positions as 
those in the powder X-ray pattern of the corresponding 
tungstate, strongly indicating isomorphism. The isomor-
phism of the salts was later demonstrated by single crystal 
X-ray work by Agarwala1 ' 2 . Since Agarwala has shownl that 
the 6-tungstonickelate(II) anion has the Anderson-Evans 
structure and contains six hydrogen atoms (i.e., three 
molecules of "constitutional watern), the formula of the 
molybdate isomorph must be as given above, and its structure 
must consist of a Ni atom at the center of a regular planar 
hexagon of Mo atoms. Each Mo atom is at the center of an 
octahedron of oxygen atoms. Each MoOs octahedron is sharing 
an edge with each of the two adjacent MoOs octahedra and one 
U. C. Agarwala, "Heteropoly Tungstonickelatesr Preparations, 
Properties, and Structural Considerations", Ph.D. Disserta-
tion, Boston University, 1960. 
U. C. Agarwala, L.C.W. Baker and K. Eriks, Abstracts of 
Papers presented before the Division of Inorganic Chemistry, 
National Meeting, American Chemical Society, Cleveland, 
April, 1960. 
(1) 
(4) 
edge with the Ni0 6 octahedron. For the same reasons 
which have been advanced1 in the case of the tungstate 
isomorph, the six hydrogen atoms are probably attached 
to the oxygen atoms surrounding the Ni. Other details 
of the structure have been described by Agarwala1 • Indica-
tions are very strong that the anion has the same structure 
in solution at room temperature. (See Figs. 36 and 38.) 
The 6-molybdonickelate(II) anion reversibly decomposes 
in solution at temperatures over 60°C. The only species 
found which would oxidize the nickel in the solution was 
S2 08= ion at temperatures over 80°C. The only heteropoly 
product formed by this oxidation was invariably 
9-molybdonickelate(IV) ion, [Ni+4 0 6 Mo90 26]-
6
• Numerous 
efforts to prepare a 6-molybdonickelate(IV) all failed. 
This is in sharp contrast to the persulfate oxidation of 
the isomorph, 6-tungstonickelate(II), which produces only 
a tungstonickelate(IV) containing 6W atoms per Ni(IV) 
atom1 . 
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A similar program was undertaken to clarify the chem-
istry of 6-molybdorhodate(III) anion. The heteropoly 
6-molybdates of tervalent Al, Fe, Cr, and Co are presently 
well-characterized 2; and more recently, 6-molybdogallate(III) 
anion has been described in some detail3,4. In 1914 
U. C. Agarwala, ''Heteropoly Tungstonickelates: Preparations, 
Properties and Structural Considerations 11 , Ph.D. Dissertation, 
Boston University, 1960. 
L.C.W. Baker et al., J. Am. Chern. Soc., 77, 2136 (1955). 
0. W. Rollins-ana-J. E. Earley, J. Am. Chern. Soc., 81, 5571 
(1959). --
B. N. Ivanov-Emin andY. I. Rabovik, Zhur. neorg. Khim., 3, 
2429 (1958) . 
(1) 
( 2) 
(3) 
( 4) 
Barbieri1 prepared two salts which he formulated: 
Barbieri only analyzed these salts. It has been shown 
that the 6-molybdates of all these tervalent elements 
(Co, Cr, Al, Fe, Ga, Rh) are isomorphousl,2,3,4. 
The ammonium salt, (NH4)s[RhOBMo60~s+nH2n]·(l0-n)H20, 
was prepared and analyzed. It was found to be diamagnetic. 
Its absorption spectrum was measured. It was converted to 
the stable new free acid, Hs[RhOBMoBO~s+nH2n}· The free 
acid and the salt were potentiometrically titrated revealing 
approximate dissociation constants for the acid, the -3 
charge on the anion, and the pH of decomposition of the 
anion. As with the other heteropoly 6-molybdates of ter-
valent elements, the proportion of "constitutional water" 
13 
("n" in the above formula) in the anion, if any, is at present 
unknown. The status of knowledge about this factor will be 
described in the Discussion chapter. 
3) Cryoscopic Determinations of Ionic Weights in 
Solution: Except in cases where crystallographic or 
structural arguments may be applied, it is impossible to 
deduce from the data commonly available (analyses, electro-
metric titrations, spectra, etc.) whether given heteropoly 
G. A. Barbieri, Atti. Line., (5), 23, 338 (1914). 
0. W. Rollins and J. E. Earley, J.-xm. Chern. Soc., 81, 5571 
(1959). -
F. Zambonini and V. Caglioti, Gazz., 59, 409 (1929). 
C. W. Wolfe, M. L. Block and L.C.W. Baker, J. Am. Chern. Soc., 
77, 2200 (1955). 
anions are monomers, dimers, or some higher unit of ag-
gregation. For example, whether the 6-molybdates of 
tervalent elements mentioned above are monomeric or 
dimeric had until the work described herein been a 
subject for discussion1 ; that is, whether the formula 
should be Nas[xosMosO~s+nH2n] or Nas[(xOs)2Mo~20so+mH2m]. 
Settlement of this question was essential for the inter-
pretation of the exchange results. It is also highly 
desirable to know the status of a heteropoly anion in solu-
tion, for comparison with its status in crystals. 
Ordinary cryoscopy could not distinguish such cases . 
. 
In the example cited above, ordinary cryoscopy would have 
been endeavoring to distinguish between Nas[XOsMos0~ 5+nH2n] 2 
and Nas[(xOs)2Mo~ 20 30+mB 2m]; that is, to distinguish between 
eight ions and seven ions. Such a fine distinction is 
obviously impossible for compounds having realistic amounts 
of low molecular weight impurities or small tendencies to 
be in equilibria with smaller fragments. The possibility 
of meaningful ordinary cryoscopic measurement is further 
obviated by the expected marked variation in activity co-
efficients with concentration for these electrolytes in a 
pure non-electrolytic solvent . 
. (1) L.C.W. Baker, et al., J. Am. Chern. Soc., 77, 2136 (1955). 
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The transition point for Na2S04 •lOH20 ~Na2S04 + 10H20 
is depressed by any ion or molecule, except: (1) H20 molecules pro-
duce no depression, and (2) neither Na+ ions nor S04= ions contrib-
ute to any molar depression when the concentration of the additional 
substance is extrapolated to infinite dilution. Therefore the Na+ 
ions in the above example produce no contribution to the molar de-
pression at infinite dilution and the cryoscopic problem reduces to 
distinguishing one ion from two ions. This amounts to discovering 
the status of the heteropoly species in saturated sodium sulfate 
solution at about 32°C. Furthermore, in a medium of such high el-
ectrolyte concentration the variations of the activity coefficient 
of the heteropoly ion are swamped, and straight line extrapolation 
of the molecular depression to infinite dilution should be possible. 
By this method, it was demonstrated that the above-mentioned 
6-molybdates of tervalent atoms are all monomeric and that they 
are quite stable at low concentrations. It was also shown that 
the 6-molybdonickelate(II) ion is monomeric, although of much 
smaller stability. That is, upon dilution, its equilibria shift 
in significant proportion in the direction of the formation of dis-
sociation fragments. The instability constant of this complex was 
evaluated from the cryoscopic data, this being the first instab-
ility constant to be estimated for a heteropoly complex. The ef-
fects of addition of acid to this equilibrium were investigated. 
It is not easy to consider meaningfully the concept of 
the stability constant of many heteropoly anions, because the 
formulas of the dissociation products are often not known and 
because the dissociation products are undoubtedly involved in 
numerous complex equilibria with one another·and with isopoly 
polymerization products. The equilibria between the dis-
sociation products must themselves be concentration de-
pendent as well as pH dependent. 
Nevertheless, the sodium sulfate transition point 
cryoscopic method offers a means of studying relative 
stabilities of isomorphous heteropoly ions, by ascertaining 
for each the point at which the appearance of equilibrium 
fragments becomes significant as dilution increases. This 
may also be studied as a function of pH, since the pH of 
the medium may be varied by addition of H2S04 or NaOH, it 
being possible to subtract out the effect of the excess 
H+ or OH concentration. 
Thus, the experiments show that 6-molybdonickelate(II) 
is of considerably lower stability than its isomorph, 
6-tungstonickelate(II). Similarly, Pope and Baker1 have 
shown that dimeric 9-molybdophosphate(V) is less stable 
than its isomorph, dimeric 9-tungstophosphate(V). 
To date, the fused hydrate cryoscopic measurements 
all show that there is the simplest relationship between 
the status of the heteropoly anions in crystals and in 
solution: they appear to have the same formulas, and 
presumably structures, in both states. 
lo 
It was also shown by this method that 5-molybdocobaltate(III) 
ion is dimeric: [(coo6 ) 2Mo~ 0024 ]-e. The elucidation of the 
formula and chemistry of this anion are summarized immediately 
below. 
(1) M. T. Pope and L.C.W. Baker, Private Communication, 1959. 
(1) 
( 2) 
( 3) 
In order to carry out the fused hydrate cryoscopy, 
preparative methods for very pure samples of the very 
soluble sodium salts of the various heteropoly anions had 
to be devised. Nearly all of these are new compounds. 
4) Clarification of the Chemistry of Heteropoly 
Molybdocobaltates(III): It has been shown that the 
heteropoly tungstocobaltates constitute a very interesting 
group of interrelated compoundsl,2,3, possessing several 
unique and important features. 
It was highly pertinent to see if a system of cor-
responding molybdocobaltates exists. Reports of some 
17 
molybdocobaltates were to be found in the older literature; 
but some of these reports were very fragmentary, others 
were of dubious reliability and had not been interpreted in 
modern terms. 
Interestingly, the results of this study reveal no 
structural correspondence between the system of molybdo-
cobaltates and the system of tungstocobaltates. Future work 
may be able to exploit these differences. Two of the six 
tungstocobaltate anions contain Co(II) in Co04 tetrahedra 
and two others contain Co(III) in Co04 tetrahedra. In the 
L.C.W. Baker and T. P. McCutcheon, J. Am. Chern. Soc., 78, 
4503 (1956). 
L.C.W. Baker and V. E. Simmons, J. Am. Chern. Soc., 81, 4744 
(1959). 
M. Shibata and L.C.W. Baker, Abstracts of Papers Presented 
before the Division of Inorganic Chemistry, National 
Meeting, American Chemical Society, New York, September 1960. 
(1) 
( 2) 
molybdocobaltates all of the cobalt atoms are within 
Co06 octahedra. Two 6-tungstocobaltate anions are dimeric 
while the 6-molybdocobaltates are monomeric. However, a 
very stable dimeric 5-molybdocobaltate(III) exists which 
has no counterpart in the tungstate system. The molybdate 
system forms no 12-heteropoly derivatives although three 
distinct 12-tungstocobaltate anions exist. As might be 
expected, the oxidation of Co(II) to Co(III) in octahedral 
sites within the molybdo derivatives may be effected by a 
mild oxidizing agent. By contrast, a powerful oxidizing 
agent is required to oxidize Co(II) to Co(III) in those 
tungsto derivatives which contain the oxidizable Co atoms 
in tetrahedral sites and, most remarkably, only that Co(II) 
which is in the tetrahedral site gets oxidized when 
[ +2 +2 ]-8 t ( s 0 - c +4 Co 06Co 04Wl 2032 is conver ed by 2 8-, e , or 
Mn04-) to its isomorph, [co+2o6co+3o4wl203 2]-71 ' 2 '3. 
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Early preparation of the blue-green 6-molybdocobaltate(III) 
anion by oxidation of a mixture of cobaltous ion and 
paramolybdate ion with Br24 '5 also gave by-products, in very 
small yield, of olive-green 5-molybdocobaltate(III) salts. 
In the literature these by-products are formulated: 
3K20·Co203·10Mo0 3 ·10H20 and 2(NH4) 20·Co203·lOMo03·l2H20. (The 
analysis and formula of the latter compound are in error. It 
L.C.W. Baker and T. P. McCutcheon, J. Am. Chern. Soc., 78, 
4 50 3 ( 19 56) . 
L.C.W. Baker and V. E. Simmons, J. Am. Chern. Soc.·, 81, 4744 
(1959). 
V. E. Simmons, Private Communication, 1958. 
N. S. Kurnakov, Chern. Ztg., 14, 113 (1890). 
C. Friedheim and F. Keller, Ber., 39, 4301 (1906). 
(1) 
(2) 
(3) 
(4) 
has been shown in the present investigation that the 
+ 
molar ratio of NH4 to Co is 3:1 in this compound.) The 
only work on these 5-molybdocobaltate(III) compounds since 
their discovery has been: (1) a demonstration1 of the 
diamagnetism of the ammonium salt (utilizing a sample which 
was incorrectly formulated and incorrectly analyzed); 
(2) a measurement of its absorption spectrum2; and (3) a 
demonstration that the corresponding free acid could be made 
only in impure condition and not kept for more than a few 
minutes owing to the fact that H+ decomposes the heteropoly 
anion3. 
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In earlier work, Baker et al.3, 4 had made use of surface-
active catalysts in the preparation of heteropoly tungsto-
cobaltates and molybdocobaltates from a cobaltammine complex. 
In the present work, surface active catalysts were employed 
for the first time with heteropoly systems which involved 
no conventional coordination complexes. 
It was found that the presence of active charcoal or 
Raney nickel causes the quantitative formation of 
5-molybdocobaltate(III) anion from cobaltous ion and para-
molybdate ion in the presence of H2 0 2 • This heteropoly anion 
P. Ray, A. Bhaduri, and B. Sarma, J. Indian Chern. Soc., 25, 
51 (1948). 
Y. Shimura, H. Ito and R. Tsuchida, J. Chern. Soc. Japan, 75, 
560 (1952). 
L.C.W. Baker, B. Loev and T. P. McCutcheon, J. Am. Chern. Soc., 
72, 2134 (1950). 
L.C.W. Baker and T. P. McCutcheon, J. Am. Chern. Soc., 78, 
4503 (1956). 
formed only in very small proportion in the absence of 
the catalyst. The quantitative nature of the preparation 
in the presence of catalyst was shown by applying the 
reaction as a colorimetric determination to known .cobalt 
samples. The present work has also demonstrated that 
the 5-molybdocobaltate(III) anion is actually a dimer, 
of formula [(co0 6 ) 2Mo~ 00 24]-s. A reaction chart for 
molybdocobaltates(III) is: 
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Co +
2 
+ [ Mo7024] - 6 
Active C 
or 
Raney Ni 
hot 
S 2 0g 
hot 
= 
H20 2, Br2 , Cl 2 , 
Pb0 2, KBr0 3 , or NaBi03 
X 
~0 
c-< 
z.,.($) 
0 
0.;, 
~ 
r +3 J -3 leo 06Mo60~s+nH2n + 
~~ .~~ 
~-J 
blue-green 
(predominant) 
------
Fco+306) aMo~oO:a4J - 6 
olive-green 
H20 2 + active C 
or 
Raney Ni 
[co+306Mo60~s+nH:an] - 3 Saos= hot 
H20 2 + active C or 
Raney Ni; hot 
-
[ (Co0 6 ) 2Mo~o024 1-6 
1\) 
...... 
(1) 
(2) 
Use of active charcoal is preferred since moderately 
small amounts of molybdonickelates are formed when Raney 
nickel is employed. 
The preparation of the dimeric 5-molybdocobaltate(III) 
in the presence of the catalyst was only possible when H20 2 
was used. 
As shown by the above chart, acid decomposes the dimeric 
5-molybdocobaltate(III) anion. Therefore its free acid 
cannot be kept in any significant concentration. The free 
acid may be formed by ion exchange1 , but it is never pure 
and decomposes essentially completely within a few minutes1 . 
The reaction of the dimeric 5-molybdocobaltate(III) anion 
with H+ accounts for the fact that oxidation with hot 
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persulfate results in the formation of the 6-molybdocobaltate(III) 
exclusively (see chart), because thermal decomposition of 
- + S208- produces H . 
Several new salts of the dimeric 5-molybdocobaltate(III) 
anion were prepared and analyzed. The ion was potentia-
metrically titrated. This revealed a charge of -3 per 
empirical formula (i.e. -6 for a dimer). The complex was 
found to be diamagnetic and the form of its absorption 
spectrum was confirmed. Shimura2 had measured the absorption 
spectrum previously and had postulated, by analogy to the 
L.C.W. Baker, B. Loev and T. P. McCutcheon, J. Am. Chern. Soc., 
72, 2134 (1950). 
Y. Shimura, H. Ito and R. Tsuchida, J. Chern. Soc., Japan, 
75, 560 (1952). 
absorption spectra of known polynuclear cobaltammines, 
that the anion probably contained Co-O-Co bonds and hence 
was some more highly condensed species than a monomer. 
Both the absorption spectrum and the diamagnetism demon-
strate that all of the Co is in Co0 6 octahedra. Redox 
titrations and total Co analysis confirmed that all of the 
Co was in +3 oxidation state. As mentioned in the previous 
section, cryoscopy in fused Glauber's salt proved that the 
ion is a stable dimer in solution. Dehydration studies 
were then undertaken, using the potassium salt of the 
complex. It was possible to dehydrate this completely at 
l60°C. without decomposing the complex. The completely 
anhydrous salt redissolved immediately in water, giving 
solutions in which the Co was quantitatively contained in 
dimeric 5-molybdocobaltate(III) anions. Ignition of the 
anhydrous materials did not result in any weight loss, but 
it did produce material most of which would not redissolve 
and which did not yield a solution of the complex when 
treated with water. It is therefore concluded that the 
anion contains no constitutional water and has the 
formula [(coOe) 2Mo~o024] -e. 
The combination of magnetic data, absorption spectrum, 
redox titrations and total Co analyses, as well as the fact 
that the same anion can be formed by oxidizing agents other 
than H20 2, precludes the possibility that the anion contains 
peroxy groups. Several plausible structural models can be 
constructed which reconcile all the evidence. 
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In contrast, the diamagnetic blue-green1 ,2 6-molybdo-
cobaltate(III) anion apparently contains constitutional 
water. It cannot be completely dehydrated at temperatures 
as low as 160°C. Irreversible decomposition always 
resulted when its salts were completely dehydrated. The 
residues are paramagnetic3 and will not redissolve to 
form the complex. The proportion of constitutional water 
is unknown, and so the complex is presently formulatedt 
[co06Mo60~s+nH2nJ-s. On structural grounds it may be 
argued that the value of "n" is very probably 3. 
5) Clarification of the Chemistry and Structural 
Considerations for the Isomorphous Heteropoly Dimeric 9-
Molybdophosphate(V) and Dimeric 9-Molybdoarsenate(V) Anions. 
Attempted Preparations of Molybdoantimonates(V) and 
Molybdobismuthates(V). A New Preparation of Crystalline 
The basicity and approximate dissociation 
constants of heteropoly acids may be determined by 
potentiometric titration of their pure aqueous solutions, 
produced by ion-exchange4, as has been shown recently5' 6 • 
The very soluble acids may be produced in sufficiently pure 
" P. Ray, A. Bhaduri and B. Sarma, J. Indian Chern. Soc., 
5., 51 ( 1948) • 
L.C.W. Baker, et al., J. Am. Chern. Soc., 77, 2136 (1955). 
W. Provost and~.C.W. Baker, Private Communication, 1960. 
L.C.W. Baker, B. Loev and T. P. McCutcheon, J. Am. Chern. Soc., 
72, 2374 ( 1950) • 
L.C.W. Baker, et al., J. Am. Chern. Soc., 75, 2493 (1953). 
L.C.W. Baker, et al., J. Am. Chern. Soc., 77, 2136 (1955). 
>~~ ( 3) 
~~~ 
(6) 
(7) 
condition for this purpose by ion-exchange, from ap-
propriately recrystallized moderately soluble salts. 
Knowledge of the basicity of such an acid yields 
directly the magnitude of the charge on the heteropoly 
anion, from which the minimum number of oxygen atoms in 
that anion may in turn be calculated because the oxidation 
states of the other atoms therein are known. This min-
imum number of oxygen atoms in the anion is the actual 
number in cases where the anion contains no hydrogen 
atoms (i.e., contains no constitutional water). Further, 
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as explained in the Discussion (Chapter III), such titrations 
of heteropoly acids generally provide an additional internal 
check on their own validity because of the relationships, 
required by electrical neutrality, between the lengths 
of the neutralization and anion degradation plateaux. 
Another purpose of the present work was the investi-
gation of the 9-molybdates containing Fifth Group elements 
in the +5 oxidation state. At the time when this investiga-
tion was begun, there was controversy regarding the formula 
and structure of the 9-molybdophosphate(V) and 
9-tungstophosphate(V) anions1 ' 2 '3, 4 ,5, 6 ,7. The controversy 
A. Rosenheim and A. Traube, Z. anorg. Chern., 91, 75 (1915). 
H. Wu, J. Biol. Chern., 43, 183 (1920). ---
A. F. Wells, "Structuralinorganic Chemistry 11 , Second Ed., 
Oxford University Press, New York, N.Y. 1950, p. 354. 
V. I. Spitzyn, Zhur. neorg. Khim., 2, 502 (1957). 
E. A. Nikitina and 0. N. Sokolova, Zhur. Obshchei Khim., 24, 
1123 (1954); C.A., 49, 1466a (1955). 
E. A. Nikitina and 0. N. Sokolova, Zhur. Obshchei Khim., 24, 
1286 (1954); C.A., 49, 2246c (1955). 
E. A. Nikitina and 0. N. Sokolova, C.A., 49, 2826 (1955). 
was such that it could be definitely settled by accurate 
determination of the basicity of the acid and the formula 
of the anion, if pure samples of the acid could be 
obtained. 
On the basis of structural principles, Wells1 had 
proposed a dimeric structure of formula GP04 ) 2W~g0 54]-s, 
but direct experimental support was lacking. 
Using the analogous molybdate complexes of both P(V) 
and As(V), the present investigation has established that 
the empirical formulas of these anions, viz. [PMo9o 3 ~]-3 
and [AsMo9o 3~]-3 , correspond to that of the formulation 
proposed by Wells for the tungstate complex (above) • Then, 
on structural grounds it may be argued that a monomeric 
formula is extremely improbable, while a dimeric structure 
is very plausible. The results herein therefore support 
the formula proposed by Wells and the general sort of 
structure suggested by him. 
After completion of the research described herein, 
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Dawson2 established the same formula for the dimeric 
9-tungstophosphate, 8Po4)2W~sOs4]-s, by performing a single 
crystal partial X-ray structure determination. The structure 
of the anion is essentially the same as that proposed by Wells, 
except that one planar ring of six W0 6 octahedra plus one P04 
tetrahedron at the center of that ring, in the Wells 
(1) A. F. Wells, "Structural Inorganic Chemistry", Oxford 
University Press, New York, N.Y., 1950, p. 354. 
(2) B. Dawson, Acta Cryst., 6, 117 (1953). 
structure must be rotated through $) 0 around the axis 
joining the phosphorus atoms, and then reattached through 
the appropriate oxygen atoms. 
As of the present, then, the results reported herein 
confirm that the 9-molybdo complexes of P(V) and As(V) 
have the same formulas as Wells proposed for the 9-tungsto-
phosphate compl~x, and that these formulas are retained 
in solution. Still later, Pope and Baker1 confirmed by 
cryoscopy in fused Glauber's salt that both the 
9-molybdophosphate and the 9-tungstophosphate are dimeric 
in solution, and that the molybdo derivative has a smaller 
stability constant than its tungsto isomorph. It is shown 
herein that the arsenic derivative is less stable than the 
phosphorus complex. 
All attempts to prepare heteropoly molybdate anions 
of Sb(V) and Bi(V) failed; but, as a result of these 
investigations,a new preparation for the crystalline yellow 
molybdic acid, Mo0 3 •2H2 0, was found. 
The soluble ammonium salts of the 9-molybdophosphate 
and arsenate anions were prepared in very pure form suitable 
for potentiometric titrations. The free acids were pre-
pared by ion exchange in very pure form. Also the two new 
salts, dimeric dimethylammonium 9-molybdophosphate(V) and 
dimeric dimethylammonium 9-molybdoarsenate(V) were prepared 
and analyzed. 
(1) M. T. Pope and L.C.W. Baker, Private Communication, 1959. 
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Potentiometric titrations of the ammonium salt and 
free acid of the [(P04 ) 2Mo~g0s4]-e anion showed that the 
ammonium salt is a normal salt rather than an acid-salt, 
and that the acid has six replaceable hydrogen ions. The 
charge of the anion was found to be minus six and the 
magnitudes of the approximate dissociation constants of 
the six replaceable hydrogen ions have been obtained. 
Complete dehydration of [(cH3 )2NH2]e [(P04)2Mo~g0s4]·4H20 
at 135°C. without any decomposition established that the 
anion contained no hydrogen atoms and therefore fixed the 
number of oxygen atoms at 62. 
The [(As04)2Mo~gOs4]-e anion has been shown to be less 
stable in solution than the phosphorus compound. The free 
acid had to be prepared from ice-cold solution, and titrated 
immediately atl5°C. in order to obtain a sharp break in the 
potentiometric titration curve indicating six replaceable 
hydrogen ions. Under other conditions the curves indicated 
decomposition of the anion. The approximate dissociation 
constants were obtained. The salts of this anion seemed 
also to undergo anionic degradation. The controversy con-
cerning the formula and structure of these two anions is 
discussed. 
Whenever possible, care has been taken to use what 
appeared to be the best available separation methods and 
analytical procedures for the elements. These are presented 
in the section on analytical procedure. 
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CHAPTER II - EXPERIMENTAL 
A. Preparation of Pure Sodium Salts of 6-Heteropoly 
Molybdates 
The cryoscopic determination of anionic weights in solu-
tion, by measuring depressions of the Na 2 S04 ·10H2 0-Na 2 S04 
transition point, required pure samples of the sodium salts 
of the anions to be investigated. Pure sodium salts of certain 
of the anions were also needed for the radioisotope exchange 
experiments in order to have compounds of sufficiently great 
solubility. These two kinds of experiments are described in 
later sections. Preparative methods for pure samples of the 
sodium salts of 6-heteropoly molybdates had to be devised. 
These are described in this section. 
The preparation of the sodium salts of these compounds in 
very pure form is difficult because of their high solubilities 
and the consequent possibility of contamination by various 
polymolybdates. 
Previously only two of these salts had been reported in the 
literature. Struve1 reported the preparation of 3Na2 0•Cr 2 0 3 • 
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12Mo0 3 "21H 20, which he prepared by boiling a solution containing 
excess of sodium trimolybdate with hydrous chromic oxide. The 
compound, however, was analyzed only for water and its purity is 
(1) H. Struve, J. prakt. chem., 61, 449 (1854). 
therefore not known. Gentele1 reported the preparation of a 
compound of composition 3Na20.Al20s·l2Mo0 3 ·22H20, which he pre-
pared by mixing potassium alum with sodium molybdate and 
decomposing the resulting precipitate with hydrochloric acid. 
However, the purity of this compound is very doubtful because 
the employment of potassium alum as the source of aluminum 
introduces potassium ion which produces a relatively insoluble 
salt with the anion in question. 
Preparations were developed which give pure samples of the 
following sodium salts. The procedures given below represent the 
best preparative methods found for each compound. The extensive 
experimentation and variation which was involved in the develop-
ment of these ,optimum procedures will not be described. These 
procedures must be followed very carefully, if contamination by 
foreign ions is to be avoided. 
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1. Sodium 6-Molybdochromate(III): One-hundred and forty-five 
gms. of Na 2Mo04 •2H20 (0.600 mole) were dissolved in 300 ml. of 
water and the solution was acidified to pH 4.5 with concentrated 
nitric acid. To this solution was added 40.0 gms. of 
Cr(N0 3 ) 3 ·9H20 (0.100 mole) dissolved in 40 ml. of water, and 
the resulting mixture was heated to boiling. During heating 
the color of the solution changed slowly from violet to dark pink. 
Boiling was continued for about one minute. The solution was 
filtered boiling hot through a sintered-glass filter and the red 
(1) J. G. Gentele, J. prakt. chem., 81, 411 (1860). 
mother liquor was placed in a two-liter beaker covered with a 
ribbed watch-glass. It was allowed to remain undisturbed for 
six days at room temperature. 
The large lilac crystals which formed were separated from 
the mother liquor by decantation of the latter, transferred onto 
a filter and washed several times with cold water. The yield 
was 78 gms. of Nas[CrOsMosO~s+nH2n]·(ll-n)H20. At present the 
value of n in this formula is unknown. 
The equation for the formation of this salt is: 
6NasMo7024 + 7Cr(NOs)s + 14H20 
7Na3 [CrOsMosO~s+nH2n]·(ll-n)H20 + 6HNOs + 15NaNOs 
Analysis of Na 3[Cr0 6Mo60~s+nH2n}·(ll-n)H20r 
Found for Na: 5.31, 5.08 Aver. 5.19% 
Calculated: 5.60% 
Found for Mo: 46.72, 46.82 Aver. 46.77% 
Calc.: 46.75% 
Found for Cr: 4 .22, 4.22 Aver. 4.22% 
Calc.: 4.23% 
Found ror H20t 16.13, 16.15 Aver. 16.14% 
Calc. t 16.09% 
This hydrate had a great tendency to effloresce upon stand-
ing in air, into the lower octahydrate which is a pink powder. 
However, the higher hydrate remained unchanged for months if 
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kept in a stoppered bottle. 
Analysis for H20 in Nas(crOeMoeO~s+nH2n]·(8-n)H20: 
Foundt 12.50%, 12.42% 
Calc.: 
2. Sodium 6-Molybdoaluminate(III): 
Aver. 12.46% 
12.24% 
One-hundred-and-
thirty-two gms. of Na2Mo04·2H20 (0.545 mole) were dissolved in 
400 ml. of water and the solution was acidified to pH 4.5 with 
concentrated nitric acid. Thirty-two-and-one-half gms. of 
Al(N0 3 ) 3 •9H20 (0.0865 mole) dissolved in 60 ml. of water were 
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mixed with the molybdate solution. The mixture was brought to a 
boil and filtered immediately. The clear filtrate was placed 
in a two-liter beaker and allowed to stand undisturbed at room 
temperature. The large white crystals which formed after stand-
ing for two to three weeks were separated from the mother 
liquor by decantation of the latter, transferred to a filter 
and washed with cold water. The yield depends on the length of 
standing. After twenty days of standing the yield was 60 gms. 
of Nas(AlOeMoeO~s+nH2nJ·(ll-n)H20• 
The equation is: 
6NaeMo7024 + 7Al(NOs)s + 17H20 
7Nas[AlOeMoeO~s+nH2n]·(l4-n)H20 + 6HNOs + 15NaNOs 
Na Found: 
Calc.: 
Al Found: 
Calc.: 
Mo Found: 
Calc.: 
Calc.t 
5.39' 5. 20 
2.20, 2.19 
46.68, 46.63 
19.85, 19.85 
Aver. 5.30% 
5.47% 
Aver. 2.19% 
2.19% 
Aver. 46.65% 
45.70% 
Aver. 19.85% 
20 .oo% 
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The lower hydrate, Nas[Al0 6 Moe02s+nH2x]·(8-n)H20, results 
from the efflorescence of the higher hydrate upon standing at 
room temperature. The higher hydrate may be kept unchanged for 
months if kept in a well-stoppered flask. 
Analysis for water in Nas[AlOeMoe02s+nH2n}·(8-n)H20t 
Foundt 12.63, 12.57 Aver. 12.60% 
Calc.: 12.50% 
3. Sodium 6-Molybdoferrate(III)t Fifty-four-and-two-tenths 
gmB. of Na2Mo0 4 •2H20 (0.224 mole) were dissolved in 100 ml. of 
water and the solution was acidified to pH 4.5 with concentrated 
nitric acid. This solution was heated to 45°C. and 15 ml. of a 
freshly prepared solution containing 7.6 gms. of Fe(NOs) 3 ·9H20 
(0.0188 mole) were added dropwise during mechanical vigorous 
stirring of the solution. During the addition of the ferric 
nitrate solution a transitory yellow precipitate formed and 
redissolved. When all of the ferric nitrate solution had been 
added, a small amount of yellow precipitate was still present. 
The temperature of the solution was not allowed to fall below 
35°C. during the mixing of the solutions. 
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The solution was then filtered; and the mother liquor, which 
had a very pale yellow color, was placed in an 800 ml. beaker 
and allowed to remain undisturbed at room temperature for two or 
three days. The solution should under no circumstances be 
allowed to stand for more than three days, as white insoluble 
polymolybdates, which are easily distinguishable, then begin 
to deposit on top of the desired salt. If this should happen, 
the sodium 6-molybdoferrate(III) ought to be dissolved in the 
minimum amount of water at room temperature, filtered to a 
perfectly clear solution, and the solution allowed to evaporate 
slowly at room temperature. Large white crystals thus formed 
were filtered off and washed with cold water. When the product 
is pure it dissolves completely in water to give a perfectly 
clear solution. The yield was 20 gms. of Nas(FeOeMo60~ 5+nH2n]· 
(16-n)H2 0. 
This salt effloresces to the lower decahydrate rather 
quickly. Therefore, the higher hydrate was analyzed only for 
water. 
Analysis of Nas[Fe0eMo60~ 5+nH2n]·(l6-n 
HzO Found: 21.62, 21.60 
Calc.: 
The equation is: 
HzO): 
Aver. 21.61% 
21.75% 
6NaeMo7024 + 7Fe(NOs)s + l9Hz0 
7Nas[Fe0eMoeO~s+nHzn]·(l6-n)HzO + 6HN0 3 + 15NaN0 3 
The decahydrate, Na3(Fe0 6Mo60~ 5+nH2n]·(lO-n)H20, was ob-
tained as a white powder after allowing the large white 
crystals of the higher hydrate to stand exposed to the air at 
room temperature for a few days. 
Analysis of Nas[FeOeMoeO~s+nHzn]·(lO-nH 20): 
Na Found: 5.23, 5.24 Aver. 5.24% 
Fe 
Mo 
HzO 
Calc.: 
Found: 
Calc.t 
Found: 
Calc.: 
Found: 
Calc.: 
4.58, 4.57 
48.12# 
47.32% 
14.79, 14.79 
4. Sodium 6-Molybdocobaltate(III). 
5.67% 
Aver. 4.58% 
4.59% 
Aver. 14.79% 
14 .So% 
One-hundred-and-
twenty-one gms. of Na 2Mo04 •2H20 (0.500 mole) were dissolved 
in 200 ml. of water and the solution was acidified to pH 4.5 
with concentrated nitric acid. Twenty-three gms. of 
CoS04 •7H20 (0.0818 mole) in 40 ml. of water were added to 
the molybdate solution. The blue precipitate which appeared 
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I This value is the average of three determinations for total Fe + Mo from which the amount found for iron alone has been 
subtracted. See section on analytical procedure. 
was redissolved by the dropwise addition of concentrated 
nitric acid accompanied by vigorous stirring of the solution. 
Thirty gms. of Na2S208 in 35 ml. of water were then added 
and the solution was heated. The blue precipitate reappeared 
upon warming the solution and redissolved upon further heating 
to give the original red color of the solution. Following 
this the solution turned dark green. Boiling was continued 
until the evolution of oxygen ceased. The volume of the 
solution was kept constant during heating by the addition of 
water. At the end of the period of heating, the solution had 
a dark greenish-blue color. It was filtered hot, and the 
filtrate was placed in a two-liter beaker covered with a ribbed 
watch-glass and allowed to remain undisturbed at room tempera-
ture. 
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After standing for three weeks, large greenish-blue crystals 
of desired product separated from the mother liquor. They were 
transferred onto a filter, and washed several times with cold 
water. The yield was 39 gms. of Nas[co06Mo60ls+nH2n]·(ll-nH20). 
The equation is: 
14CoS04 + 12Na5Mo7024 + 7Na2S203 + 17H20 
14Nas[co06Mo60ls+nH2n]·(ll-nH20) + 6H2S04 + 22Na2S04 
This hydrate was analyzed for molybdenum only, in order to 
determine water by difference. Analysis for water by heating 
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was not possible in this caBe since decomposition of the sample 
may produce Co 2 0s which beg:l.ns to lose oxygen at 300 °C .1 
Analysis for Na3[Co06MoeO~s+nH2n] • (ll-nH 2 0): 
Mo Found: 46.49, 46.48 Aver. 46.49% 
Calc.: 
Calc.: 
46.51% 
16.07% 
16 .oo% 
The lower hydrate, Na3 [CoOeMosO~s+nH2n}·(9-nH20), was ob-
tained by allowing the higher hydrate to effloresce at room 
temperature. It is a green yowder. 
Analysis for Nas[ Co0 6MosO~s+nHzn] • ( 9-nHzO) r 
Na Found: 5.43, 5.47 Aver. 5.45% 
Calc.: 5.77% 
Co Found: 4.88, 4.89, 4.90 Aver. 4.89% 
Calc.: 4.93% 
Mo Found: 48.18, 48.15, 48.24 Aver. 48.19% 
Calc.: 48.13% 
H2 0 (by difference): 13.35% 
Calc.: 13.54% 
5. Sodium 6-Molybdonickelate(II): The sodium salt of 
this anion cannot be prepared in pure form from hot solution 
because (a) the anion decomposes above 60°C. and (b) various 
(1) N. V. Sidgwick, "The Chemical Elements and Their Compounds", 
Vol. II, Oxford University Press, Oxford, England, 1952, 
p. 1393. 
finely divided polymolybdates precipitate along with the 
sodium salt. 
38 
Working at lower temperatures, however, resulted in the form-
ation of large crystals of the sodium salt contaminated with 
some white polymolybdates which could be separated quite 
readily from the sodium salt. It proved impossible to devise 
a preparation in which the initial precipitate of the desired 
sodium salt was free of white polymolybdates. 
One-hundred-and-seventeen gms. of MoOs (0.812 mole) were 
added slowly to a hot solution of 86 gms. of Na 2 COs dissolved in 
250 ml. of water. When all of the solid MoOs had been added, 
the solution was filtered, and the clear mother liquor was 
cooled to room temperature and acidified to pH 4.5 with concen-
trated nitric acid. Thirty-nine-and-four-tenths gms. of 
Ni(NOs) 2 • 6 H2 0 (0.135 mole) dissolved in 40 ml. of water were 
mixed with the molybdate solution and the mixture was heated to 
40°C., filtered, and the green mother liquor was allowed to 
stand at room temperature in a beaker. After standing overnight, 
large blue crystals settled out. After three days of standing, 
the supernatant liquor still had a green color. On top of the 
large blue crystals were white polymolybdates. To separate 
these, the mother liquor was decanted off, the large lumps of 
crystals were broken up with a stirring rod, and the crystals 
were washed repeatedly with cold water. This procedure removes 
most of the white polymolybdates. Enough water at room 
temperature was added to cover all the large blue crystals, 
and this mixture was allowed to stand undisturbed for 4 hours. 
In this fashion, the white polymolybdates, being on the 
surface of the blue crystals, go into solution with only a 
small amount of the desired sodium salt. The salt is finally 
washed with water and recrystallized from the minimum amount 
of water at room temperature. The yield is 60 gms. of 
Na4[NiOeMoe0~8He]·16H20. 
The equation is: 
7Ni(NOs)2 + 6NaeMo7024 + 22H20 
7Na4 [NiOeMoe0~8He]·l6H20 + 6HNOs + 8NaNOs 
Analysis for Na4 [NiOeMoe0~8He]·l6H20r 
Na Found: 6.20, 6.43 Aver. 
Calc.t 
Ni Found: 4.20, 4.19, 4.19 Aver. 
Calc.: 
Mo Found: 41.58, 41.31, 41.51 Aver. 
Calc.: 
24.49' 24 .53 Aver. 
Calc.: 
6.31% 
6.55% 
4.19% 
4.18% 
41.46% 
41.00% 
24.51% 
24.35% 
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Na4 [NiOeMoeO~aHe] ·4H20. This lower hydrate was obtained 
from the Na4[NiOeMoeO~gH6)·16H20 after allowing the latter to 
effloresce upon exposure to air. It is a light blue powder. 
Analysis for Na4(Ni0eMo60~8He]·4H20r 
H20 Found: 11.05, 11.05 Aver. 11.05% 
Calc.: 10.60% 
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This hydrate is prepared at 40°C. 
For this, 144 gms. of Na2C0 3 were dissolved in 400 ml. of water 
and the solution was warmed. 195 gms. of Mo0 3 (1.36 mole) were 
added to it slowly. When all of the Mo0 3 had dissolved, the 
solution was filtered, and the mother liquor cooled to room 
temperature. It was acidified to pH 4.5 with concentrated nitric 
acid. Forty-seven-and-four-tenths gms. of Ni(N0 3 ) 2 ·6H20 
(0.228 mole), dissolved in 50 ml. of water, were added to the 
molybdate solution; and the mixture was heated to 40°C. and then 
placed in an oven at 40°C. After a period of three hours the 
small light-blue crystals which formed were filtered off and 
washed with cold water. These were contaminated with white 
polymolybdates which may be eliminated as follows: A saturated 
solution of the impure salt was prepared at 40°C., filtered to a 
clear solution and then allowed to evaporate slowly to half its 
volume at 40°C. The smalllight blue crystals thus formed were 
filtered off and washed several times with water. 
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Analysis for Na4[Ni06Mo60~ 8H6 ]·5H20: 
Na Found: 7 .45, 7.38 Aver. 7.42% 
Calc.r 7 .62%" 
Ni Found: 4.85, 4.85 Aver. 4.85% 
Calc.: 4.86% 
Mo Found: 48.4 3' 47.89% Aver. 48.16% 
Calc.: 47.72% 
HzO Found: 12.19, 12.18 Aver. 12.18% 
Calc.: 11.94% 
B. The 6-Molybdorhodate(III) Anion 
l. Preparation of Ammonium 6-Molybdorhodate(III): For 
this preparation the method of Barbieri1 was followed. Thirteen 
gms. of Na 3 RhCl 6 •12H20 dissolved in 35 ml. of water were added 
to 260 ml. of a solution containing 65 gms. of (NH4 ) 6 [Mo70 24]·4H20, 
and the resulting mixture was heated in a water bath until the 
color of the solution turned from red to amber. At this time 
yellow crystals began to form. The solution was then cooled to 
about l5°C., and the yellow crystals were filtered off and washed 
a few times with ice-cold water. They were recrystallized from 
water. Qualitative tests on these crystals showed the absence 
of chloride ion. 
(l) G. A. Barbieri, Atti. Line., (5), 23, 338 (1914). 
This reaction may be represented by the following 
equation: 
6(NH4)s[Mo7024]·4H20 + 7Na3RhC1 6 •12H20 lOOoC. ~ 
7(NH4)3[Rh0sMosO~s+nH2n] •(lO-nH20) + 21NaCl + 15NH4Cl 
+ 6HC1 + 35H20 
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The procedure described in the literature1 for the prepara-
tion of sodium hexachlororhodate(III) by which rhodium trichloride 
is reacted with Cl 2 gas in the presence of sodium chloride, 
proved highly inefficient. To obtain Na3[RhC1 6 ]·12H20 the 
following procedure was adopted2,3: 
RhCl3•3H20 was obtained from the American Platinum Works, 
Newark, N. J. It was not further purified. Na3[Rh(N0 2) 6} was 
first prepared from a solution of rhodium trichloride containing 
10 gms. of RhC1 3 "3H20 in 100 ml. of water which had been 
acidified with dilute HCl. After bringing this solution to 
boiling, a concentrated solution of NaN0 2 was added slowly in 
portions until the color of the solution became a very faint 
red. Excess NaN0 2 was avoided. The solution at this point was 
acidic. It was then cooled and added to an equal volume of 95% 
ethanol. The white nitrite complex precipitated, containing 
some traces of sodium chloride. It was dissolved in 10 times 
(1) "Gmelins Handbuch der Anorganischen Chemie", 8th Ed., 
System-Number 64, Verlag Chemie, Berlin, 1938, p. 73. 
E. Leidie, Compt. Rend. 2, 106 (1890). 
J. N. Friend (Editor), ltText-Book of Inorganic Chemistry", 
Vol. IX, Part 1, Charles Griffin Company, Ltd., London, 
1922, p. 162. 
its weight of water, and the resulting solution was added to 
an equal volume of ethanol. The white crystals thus formed 
were filtered off and washed with ethanol. 
The Nas[Rh(N02)e] was dissolved in 25 ml. of concentrated 
hydrochloric acid and the solution was gently warmed on the 
steam-bath until evolution of N0 2 ceased. The solution was 
then concentrated by evaporation, the red crystals were filtered 
off, washed with absolute ethanol and dried. The yield of 
Nas[RhCle]·l2H20 was 13 gms. 
Analysis of (NH4)s~hOeMoeO~s+nH2n}·(lO-nH20)r 
N Found: 3.35% 
Calc.: 
Rh Found: 
Calc.: 
Mo Found1 
Calc.: 
Calc.: 
3.36% 
8.58, 8.31 
46.01, 46.66 
46.11% 
Aver. 8.44% 
8.24% 
Aver. 46.33% 
13.88% (by difference) 
14.41% 
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2. Preparation of 6-Molybdorhodic Acid: The free 6-molybdo-
rhodic acid, H3[Rh06MoeO~s+nHzn], a new compound, was prepared 
from its ammonium salt by the use of a strong acid ion-exchange 
resin. A solution of the ammonium salt was passed through 
Amberlite IR-120 resin (Rohm and Haas Co.). The resin had been 
previously conditioned by several alternate treatments in 
solutions of 2N NaCl, water, and 2N HCl. The iron in the resin 
was removed by treatment with 6N HCl. The procedure for 
washing the resin has been described previouslyl. 
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The effluent of the free acid showed the absence of ammonium 
ion when tested with Nessler's reagent. It had a pH of 1.98. 
The atomic Mo:Rh ratio in this acid solution was found to 
be 5-93 to 1.00. 
3. Determination of Charge of the 6-Molybdorhodate(III) 
Anion: The charge of this heteropoly anion was determined by 
potentiometric titration of the ammonium salt and the free acid. 
One-and-five-tenths gms. of the salt were dissolved in 200 ml. 
of boiled distilled water, and 60.0 ml. of this solution were 
titrated with carbon dioxide-free 0.1529N NaOH. The molarity 
of the salt solution was found to be 0.005629 by analyzing for 
molybdenum. A Leeds and Northrup pH Meter, Model 7662, was used 
with the glass and saturated calomel electrodes. The solution 
was continuously stirred mechanically during the titration. 
The results appear in Fig. 1. 
The volume of O.l529N NaOH which corresponds to one 
equivalent of the above-mentioned salt solution is 2.224 ml. 
The inflection of the curve occurs at the addition of 19.8 
ml. of base. Therefore, 
(1) 
19.8 ml. of base 
2.224 ml. of basejequiv. = 8.92 equivalents 
L.C.W. Baker et al., J. Am. Chem. Soc., 72, 2134 (1950); 
75, 2493 (1953).---
Figure 1 
Upper Curve: Potentiometric titrations of 60.0 ml. 
0.005629M (NH4)s[RhOeMo60~s+nH2n) solution with 
0 .1529M NaOH. 
Lower Curve: Potentiometric titration of 100.0 ml. 
o.oo6613M H3 [Rh0 6Mo60~s+nH2n] solution with 0.1288M 
NaOH solution. 
Ordinate: pH meter readings 
Abscissa: Moles of NaOH per gram-atom of rhodium. 
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The theoretical value is 9.0 equivalents as can be seen 
from the following equation representing the anionic degradationt 
[Rh0eMoeO~s+nH2n}-s + 90H-~ Rh(OH) 3 + 6Moo 4 - 2 + (3+n) H20 
It is obvious from the shape of the curve that ammonium 
6-molybdorhodate(III) is a normal salt. The charge of the 
anion is -3 for the monomer unit, which is in agreement with the 
nitrogen analysis which shows the presence of three ammonium 
ions per monomer unit of anion. 
4. Determination of the Basicity of 6-Molybdorhodic(III) 
Acid: The molarity of the acid solution, prepared by ion-exhange, 
was determined by analyzing for molybdenum. It was found to be 
0.006613M. 100 ml. of this acid solution were potentiometrically 
titrated with 0.1288M NaOH. The results are plotted on Fig. 1. 
One equivalent of acid corresponds to 5.13 ml. of base. 
The first inflection point of the curve occurs at 15.3 ml. 
of base. Therefore, the number of equivalents is: 
15.~ ml. of base 
= 2.96 equivalents or H+ ions 5.13 ml. of basejequiv. 
The second point of inflection occurs at 59.5 ml. of base. There-
fore, 
59.5 ml. of base = 11.60 equivalents. 5.13 ml. of basejequiv. 
This is in good agreement with the theoretical value of 12.0 as 
expected from the equation below. The low value for the second 
point of inflection may be attributed to the fact that the 
gelatinous rhodium hydroxide prevented the accurate determin-
ation of the endpoint here, probably by adsorbing ions. 
Points were obtained only with difficulty in that region 
and only after stirring for a very long time. 
Hs(_RhOaMoaO~s+nH2n] + l20H-~ Rh(OH) 3 + 6Mo04 - 2 
L!-6 
5. Calculation of the Dissociation Constants of the Acid: 
The upper and lower limits of the values of the dissociation 
constants of this acid may be calculated from the Henderson-
Hasselbach equation for an acid1 , i.e., 
pH = pKa + log [conjugate base] 
[conjugate acid] 
The pH at the point where one-half equivalent of hydrogen 
ion had beenneutralized was 2. The pK~ is therefore not less 
than 2. K~ is nearly equal to l x 10-2 • The pH at the point 
where two-and-one-half equivalents of hydrogen ion had been 
neutralized was 2.8. pK3 is not over 2.8, and K3 is approxi-
mately 1.6 x 10-3 • These are approximate limits for the 
classical constants at the concentrations given. 
6. Diamagnetism of Ammonium 6-Molybdorhodate(III). The 
magnetic susceptibility of the above-mentioned ammonium salt 
was measured by the Gouy Method. The compound was found to be 
diamagnetic. This is consistent with the octahedral coordination 
of rhodium(III) as will be shown in the Discussion chapter. 
(l) s. Glasstone, "An Introduction to Electrochemistry", 
D. Van Nostrand Co., Inc., New York, N.Y., 1949, p. 403. 
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7. Absor tion Spectrum of the 
The absorption spectrum in water solution of the 6-molybdorhodate(III) 
anion was determined by the use of the Beckman DK-1 spectro-
photometer. The concentration range used was 8.35 x 10-3 to 
4.17 x 10-5 M in (NH4)s[RhOeMoeO~s+nH2n]· 5-cm. corex cells were 
used in the visible region and 1-cm. silica cells in the ultra-
violet. The spectrum appears in Fig. 2. 
C. The 6-Molybdonickelate(II) Anion 
The preparation of the sodium salt of the 6-molybdonickelate(II) 
anion, a new compound, was described in a previous section (Sect. A). 
1. Preparation of Ammonium 6-Molybdonickelate(II): The 
ammonium salt of this anion was prepared according to the method 
of Barbieri1 • 
water and the solution was filtered. Four-and-one-half gms. of 
Ni(N0 3 ) 2•6H20 dissolved in 20 ml. of water were mixed with the 
molybdate solution, and the mixture was heated to boiling. The 
clear green-colored solution changed to light blue with the im-
mediate formation of a fine blue crystalline precipitate. It was 
filtered off immediately and washed with water and then with 
alcohol. 
(1) G. A. Barbieri and S. G. Ciamician, Att. Line., (5), 23, II, 
357 (1914). 
Figure 2 
Concentration range used: 8.35 x 10-3 - 4.17 x 10-5 M 
(NH4)s[RhOeMoeO~s+nH2n] 
Ordinate: Logarithm of molar absorptivity. 
(Logarithm of molar extinction coefficient.) 
Abscissa: Wavelength in millimicrons. 
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Analysis of (NH4)4[NiOeMoe0 1 8He]·8H20: 
N Found: 4.70% 
Calc . : 4 • 7 2% 
Ni Found: 5 .12, 5.13% Aver. 5.12% 
Calc.: 4.95% 
Mo Found: 48.58, 48.64% Aver. 48.61% 
Calc.: 48.52% 
H20 Found: 11.85% (by dif'ference) 
Calc.: 12.14% 
This salt decomposes on heating as can easily be seen from 
the fact that the color of the solution turns from blue to 
green, typical of the color of the Ni(H20) 6 +2, as the temperature 
reaches 62-65°C. On cooling below 60°C., the blue color reforms. 
Apparently, the [Ni06 Mo 6 0 1 8He]-4 undergoes reversible hydrolytic 
degradation. Barbieri did not recrystallize the ammonium salt. 
In the research program herein described, however, it was re-
crystallized from hot solution in spite of its very low 
solubility in water. At about 60°C., a large quantity of the 
salt goes in solution as the anion decomposes. Upon allowing 
the solution to stand at room temperature, its color became blue 
and fine light blue crystals precipitated. They were filtered, 
washed with water and then ethanol. 
Analysis of (NH~)4(Ni0eMoeo~8H&] •5H20: 
N Found: 4.62% 
Calc.~ 4.65% 
Ni Found: 4.95, 4.99 
Calc.: 
Mo Found: 47.79, 48.03 
Calc.: 
Aver. 4.97% 
4.87% 
Aver. 47.91% 
47.80% 
H20 Found: 
Calc.: 
13.22% (by difference) 
13.45% 
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X-ray powder patterns of the non-recrystallized and recrystallized 
salts were identical. 
2. Preparation of Potassium 6-Molybdonickelate(II): Barbieri1 
prepared also the potassium salt of the same anion by the ad-
dition of potassium chloride to a solution of the ammonium salt. 
He formulated the product: 
his product contained a large proportion of ammonium ions. 
Because of the low solubility of the ammonium salt (4.3 gms. 
of the pentahydrate dissolve in one liter of water to give a 
saturated solution), a preparation was developed in which the 
potassium salt was prepared in excellent yield directly from 
potassium paramolybdate and nickelous ion. 
No good preparation for K6 Mo7 0 24·4H20 is described in the 
literature. Various polymolybdates are listed which are prepared 
from warm or hot solutions 2 • 
(1) 
( 2) 
G. A. Barbieri and S. G. Ciamician, Att. Line., (5), 23, 
II, 357 (1914). -
Gmelins Handbuch der Anorganischen Chemie, Vol. 8, System-
Number 53 (Molybdenum), Verlag Chemie, Berlin, 1935, p. 232. 
Forty-and-eight-tenths gms. of MoOs were dissolved in a 
boiling solution of 100 ml. containing 40 gms. of K2COs. When 
all the MoOs had dissolved, the solution was filtered and 
cooled to 0°-5°C. It was acidified slowly with concentrated 
HNOs, with vigorous stirring of the solution. The solution 
was kept at 0°C. throughout the addition of HNOs. When the 
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pH of the solution had reached about 4.5, a snow-white pre-
cipitate began to form. The mixture was then allowed to stand 
at 0°C. for 1-2 hours and the snow-white precipitate which 
settled to the bottom was filtered off, and washed with ice-cold 
water, the pH of which had been adjusted to 4.5 with HNOs. 
Then the precipitate was washed with absolute ethanol. The 
yield was 44 gms. of KeMo70 24•4H20. 
For the preparation of K4[NiOeMoe0~8He] •4H20, 4.5 gms. of 
Ni(NOs) 2 •6H20 were dissolved in 200 ml. of water and the 
solution was heated to ooiling. Forty-four gms. of solid 
K6 Mo 7 0 24•4H20 were added slowly and with constant stirring 
to the boiling solution. After a few minutes, light blue 
crystals began to settle out of solution. Boiling was continued 
for another five minutes. The solution was immediately filtered 
boiling hot, and the precipitate was washed several times with 
water and then with ethanol. The yield was 15 gms. 
Analysis of K4[NiOsMos0~8Hs]·4H20: 
K Found: 12.76, 12.78, 12.76% 
Calc.t 
Ni Found: 
Calc.: 
Mo Found: 
Calc.: 
H20 Found: 
Calc.: 
4.67, 4.66 
9.94% (by difference) 
10.05% 
Aver. 12.77% 
12.48% 
Aver. 4.67% 
4.67% 
Aver. 45.80% 
45.95% 
3. Determination of the Charge of the[Ni0 6Mo60~sH6]-4 
Anion: The charge of this anion was determined by titrating 
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a saturated solution of the ammonium salt with sodium hydroxide, 
by the method already described in the case of the rhodium 
compound (Chapter II, Section B). 100 ml. of 0.00367M 
(NH4 ) 4 (Ni06Mo60~8He] were titrated with 0.1557M NaOH. The re-
sults of this titration appear in Fig. 3. The volume of 
O.l557M NaOH which corresponds to one equivalent of the above-
mentioned salt solution is 2.36 ml. of base. 
The point of inflection occurs at the addition of 18.5 ml. 
of base or: 
18.5 ml. of base 
= 7.85 equivalents of base. 2.36 ml. of basejequiv. 
This is in agreement with the value of 8 equivalents re-
quired by the equation: 
Figure 3 
Upper Curve: Potentiometric titration of 100.0 ml. of 
0.00367M (NH4)4~iOeMoeO~sHs] solution with O.l557M 
NaOH solution. 
Lower Curve: Potentiometric titration of 100.0 ml. of 
0.001361M H4 [NiOeMoe0l8He] solution with o.og611M NaOH 
solution. (Acid partially decomposed. See text.) 
Ordinates: pH Meter Readings. 
Abscissae: Moles of NaOH per gram-atom of nickel. 
i 
1 0 
-I' / 
[NiOeMoeO~sHe]-4 +SOH- Ni(OH)a + 6Moo4 - 2 + 6H2 0 
4. The Free Acid of the [NiOeMo60~SHe]-4 Anion: This acid 
does not exist in solutions of significant concentration, or may 
be stable only for very short periods of time. An attempt 
was made to prepare it by passing a saturated solution of the 
ammonium salt through the hydrogen form of a sulfonic acid 
cation exchange resin (IR-120, Rohm and Haas Co.). The effluent 
had a pH of 2.95, and gave no test for ammonium ion with 
Nessler's reagent. 
Analysis for Mo and Ni gave an atomic ratio of Mo to Ni of 
5.99 to 1.00 as compared to 6.00 to 1.00 being the theoretical. 
The molarity of the acid solution, based on Mo, was found to be 
0.001361M. A 100.0 ml. aliquot was titrated with 0.096llM NaOH. 
One equivalent of base was therefore 1.42 ml. These results 
are plotted in Fig. 3. 
Had the acid been stable, the theoretical equivalents of 
base for the complete titration of the acid would be 12.0, 
according to the equation: 
H4 [ NiOeMoeO ~SHe] + 120H- -~ 
The first inflection point if the acid were stable, would be 
expected at 4 moles of base per gram-atom of nickel. The 
shape of the curve (Fig. 3) indicates that the acid had de-
composed. 
Addition of mineral acids to blue solutions of 
Na4[Ni0eMoe0~8He} produced the green color typical of hydrated 
Ni++ ion. Therefore it is concluded that the acid is not 
stable. It decomposes, forming other species which consume 
base. The fact that the effluent of the ion-exchange resin 
contains an atomic Ni:Mo ratio of 1:6, indicates that all 
of the nickel was in anionic complexes immediately after the 
acid was formed and that the 6-molybdonickelic(II) acid 
probably exists for amort period in solution before decompos-
ing. 
5. Absorption Spectrum of [Ni0 6Mo60~8H6]-4 Anion: The 
absorption spectrum of the 6-molybdonickelate(II) anion was 
taken with the Beckman DK-1 spectrophotometer. Five em. corex 
cells· were used. The concentration of Na4 [NiOeMoe0~8He] used 
was 2.88 x 10-2M. The results are plotted in Fig. 4. ~he 
results, which show that the Ni atom is within a Ni0 6 octa-
hedron, will be discussed in Chapter III. 
6. Paramagnetism of [Ni06Mo60~8H6] - 4 Anion: This anion 
was tound to be paramagnetic as determined by the Gouy method at 
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room temperature. The number of unpaired electrons, however, was 
not determined as one could not differentiate by that method 
between an octahedral and a tetrahedral coordination of the 
central nickel(II) atom, as will be shown in the Discussion 
chapter. The salt used was (NH4)4[NiOeMoe0~8He }·SH20. 
Figure 4 
Absorption spectrum of [Ni0 6 Mo 6 0l8Hs]-4 anion. 
Concentration: 2.88 x io- 2 M Na4 [Ni0sMo6 0l8Hs]. 
Ordinate: Molar absorptivity. 
(Molar extinction coefficient.) 
Abscissa: Wavelength in millimicrons. 
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7. Conductrometric Titration of Ni++ with [Mo 70 24]-
6
: A 
0.02M solution of Ni(N0 3 ) 2 was conductrometrically titrated 
with a O.lM (in Mo) (NH4 ) 6 Mo 7 0 24 solution. No sign of 
complex formation occurred at room temperature. When the same 
titration was carried out at 60°C., complex formation was 
noted by the break in the titration curve and the appearance 
of the insoluble (NH4)4[NiOeMoe0~8He] •5H20, but the points 
were not reproducible. Apparently, the reaction reaches 
equilibrium slowly at room temperature. 
8. The Chemistry of [Ni0 6 Moe0l8He]-4 Anion: This anion 
is not stable in acidic solutions, and consequently its free 
acid cannot be prepared as shown above. Upon heating a 
solution of it above 60°C., the anion decomposes and reforms 
as the solution cools below 50°C. These processes are ac-
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companied by the appropriate color changes. Oxidation with 
persulfate results in the formation of the 9-molybdonickelate(IV). 
The X-ray powder pattern of the 
ammonium salt so produced was identical with that of a known 
sample of (NH4 ) 6 [Ni0 6 Mo90 26]·6H201 ' 2 • Three per cent hydrogen 
peroxide does not oxidize the Ni(II) derivative. When 30% 
H20 2 is used and the solution is boiled, a yellow color results 
which is probably caused by yellow permolybdates. When the 
R. D. Hall, J. Am. Chern. Soc., 29, 699 (1907). 
R. Schaal and P. Souchay, Anal.-chim. Acta, 3, 114 (1949). 
yellow solution was allowed to stand at room temperature for 
a few days, greenish-blue crystals appeared which had a 
powder pattern typical of (NH4)4[NiOeMoe0~8He]·5H20. 
When a solution of the anion in question was passed 
through the chloride form of a strong base anion exchange 
resin (Dowex 1), no nickel was found in the effluent when 
tested with dimethylglyoxime, a fact indicating that all the 
nickel is in the anion. 
Every effort to prepare a molybdate of Ni(IV) with the 
Mo to Ni ratio of 1:6 has failed, even if ratios of Ni:Mo of 
1:1 are used initially. Analysis of such preparations showed 
that the product contained a Ni:Mo ratio of 1:5, but the X-ray 
• powder pattern showed this to be a salt of the [Ni06Mo90 26]-
6 
anion, undoubtedly contaminated with nickel. Interestingly 
enough, tungsten, which forms a [Ni06We0~8He)-4 anio~, gives 
only a 6-tungstonickelate(IV) upon S2 08- oxidation at pH 
1 7.0-7.5 . When the same conditions were applied to the 
molybdate as had been applied to the tungstate, i.e., using 
pH values above 4.5, no oxidized compound at all was formed. 
D. The Dimeric 5-Molybdocobaltate(III) Anion 
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1. Preparation of Dimeric Ammonium 5-Molybdocobaltate(III): 
The best preparation for this compound was found to be as 
follows: 
(1) u. C. Agarwala, Dissertation, Boston University, 1960. 
Seventy-five gms. of (NH4 ) 6 MoTJ 24 •4H20 were dissolved in 
225 ml. of water and mixed with 15.5 gms. of Co(CH3 C00) 2 ·4H20 
dissolved in 400 ml. of water. Fifteen gms. of decolorizing 
charcoal (Norite A) were added to the resulting red solution, 
followed by 100 ml. of 18% hydrogen peroxide solution. The 
solution was boiled until the evolution of oxygen ceased. 
The charcoal was filtered off and the very dark green mother 
liquor was allowed to stand for three days at 0°-3°C. The 
large, very dark green crystals which formed were filtered off 
and washed with ice-cold water. They were recrystallized by 
saturating them with water at 70°C., cooling it, and allowing 
the mother liquor to stand at 0°-3°C. for one day. The yield 
was 25 gms. 
This preparation may be represented as follows: 
active charcoal 
7 [(CoO) sMO~o024] -s + l6H20 
Analysis of (NH4)a[(coOa)2Mo~o02~·10H20: 
N Found: 4.68% 
Calc.: 4.32% 
Co Found: 6.10, 6.08, 6.07 Aver. 
Calc.: 
Mo Found: 50.21, 50.19, 50.21 Aver. 
Calc.: 
H20 Found: 8.03% (by difference); 
based on Co: 
Calc.: 
6.08% 
6.07% 
50.20% 
49.42% 
9.16% 
9.26% 
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2. Preparation of Dimeric Potassium 5-Molybdocobaltate(III): 
The best preparation is as follows: Twenty-and-one-half gms. 
of Co(CH3 C00) 2 •4H20 were dissolved in 765 ml. of water and 
110 gms. of freshly prepared K6 Mo70 24·4H20 (see Section B above) 
were added to the solution, which was stirred until most of 
the solid had dissolved. Twenty gms. of decolorizing charcoal 
were added, followed by 140 ml. of 18% H20 2 • The mixture was 
heated until all evolution of oxygen had ceased. The solution 
was filtered hot, cooled and allowed to stand at 0°-3°C. for 
two days. The large dark green crystals which formed were con-
taminated with a deposit of white insoluble polymolybdates. 
Most of the latter could be eliminated by repeated mechanical 
treatment of the crystals with ice-cold water. The potassium 
salt was then dissolved in the minimum amount of water at 70°C., 
the white solids were filtered off and the dark-green mother 
liquor was cooled and kept at 0°-3°C. for one day. The product 
was filtered and washed with ice-cold water. The yield was 
28 gms. 
Analysis of Ks ((coOs) 2MoJ.o024] "lOH20: 
K Found: 11. 32, 11.34, 11.27 Aver. 11.31% 
Calc.: 11.34% 
Co Found: 5.65, 5.66 Aver. 5.66% 
Calc.: 5. 70% 
Mo Found: 46.80, 46.80, 46.74 Aver. 46.78% 
Calc. t 46.38% 
H20 Found: 8.40% (by difference) 
Calc. t 8. 70% 
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3. Preparation of [(coOa) 2Mo~ 00 24]-a Anion Using Raney 
Nickel as Catalyst: The following method of preparation em-
ployed Raney nickel in the place of the active charcoal 
utilized in the preceding preparation. 
Preparation of catalyst: Ten gms. of inactive Raney 
nickel catalyst in the form of Ni-Al alloy (Central Scientific 
Company) were added slowly to a solution of 10 gms. of NaOH 
in 40 ml. of water. The solution was kept at the boiling 
point for 2 hrs., the volume of the solution being maintained 
by the addition of water. Then the mixture was heated to 
150°C. The solids were dissolved by the addition of water, 
and the sludge washed with cold water until it was free of 
alkali. This nickel was used immediately for the preparation 
of the heteropoly compound. 
Preparation of (NH4)a[(co0 6 )aMo~ 00a4}·10Ha0: Thirty-eight-
and-one-half gms. of (NH4 ) 6 Mo70a4·4Ha0 were dissolved in 
110 ml. of water and mixed with a solution of 7.8 gms. of 
Co(CH3 C00) 2 •4H20 in 200 ml. of water. The nickel catalyst 
was added to the cold solution, followed by the addition of 
50 ml. of 18% H20 2 • The solution was heated on a hot plate 
until evolution of oxygen ceased. The solution was filtered 
hot. Light-blue crystals began to appear from the dark-green 
solution as it cooled. The mother liquor was kept for 6 hours 
at 0°C. The light blue precipitate was filtered off, and the 
dark-green mother liquor was kept for 2 days at 0°-3°C. Large 
dark-green crystals formed. These were filtered off, washed 
with cold water and recrystallized from water at 70°C. as 
described above. The yield was 4.5 gms. 
The X-ray powder pattern and absorption spectrum of the 
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solution showed the product to be identical with that prepared 
when active charcoal was used. The light-blue precipitate 
which was first formed from the solution was recrystallized 
from water. It was insoluble in cold water, with NaOH it gave 
a light green precipitate, typical of Ni(OH) 2 • It contained 
no cobalt. Its X-ray powder pattern was identical with that 
of (NH4 ) 4 [Ni06Mo60~gH6 ]·5H20. It was formed by a side reaction. 
The yield of blue crystals was about 10 gms. 
4. Attempted Employment of Other Surface-Active 
Attempts were made to use 
other surface active catalysts in place of charcoal and Raney 
nickel. They were activated alumina, silica gel, and Pt0 2 • 
In all cases a mixture of primarily 6-molybdocobaltate(III) and 
a little dimeric 5-molybdocobaltate(III) was formed (just as 
is the case when no catalyst is used). 
5. Preparation of ((coOe) 2Mo~o024]-e Using Cl2 Gas: Forty-
eight-and-seven-tenths gms. of K2C0 3 were dissolved in 500 ml. 
of water, heated to boiling and 50.7 gms. of Mo0 3 were added 
slowly, until all solids were dissolved. This solution was 
filtered, cooled, and acidified to pH 4.5 with concentrated 
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HNOs. 15 gms. of CoS0~·7H20 dissolved in 60 ml. of water 
were then added. 
The mixture was heated to boiling and chlorine gas was 
passed into it for 10 minutes. The solution developed a 
dark-green color. A white precipitate also appeared consisting 
of insoluble polymolybdates. The solution was filtered hot 
and then cooled. Upon standing overnight at 0°-3°C. fine 
greenish-blue crystals of K3 [CoOeMo6 0ls+nH2n]·(lO-n) H20 
deposited along with a very small quantity of dark green 
crystals. These precipitates were filtered off, and the dark 
green filtrate was kept for 3 days longer at 0°-3°C. Large 
dark green crystals of Ke[(co06 ) 2Mol 00 2~J·lOH20 appeared and 
were filtered off and washed with ice-cold water. The yield 
was 4 gms. The powder X-ray pattern of the dark green crystals 
and the absorption spectrum of their solution were identical 
to those obtained for the dark green dimeric potassium 
5-molybdocobaltate(III) obtained in the presence of charcoal 
catalysts (above). 
The greenish blue precipitate which first appeared, was 
recrystallized twice from hot water and identified as 
Ks[CoOeMosOJ.s+nH2n}(lO-n) H20 by its X-ray powder pattern. 
The final yield of that compound was 3.5 gms. 
Interestingly enough, if charcoal is added during this 
preparative procedure, the reaction does not proceed at all. 
Iodine is completely without action even in the absence of 
charcoal. This is surprising since I 2 can oxidize hexammine-
cobalt(II) to hexa~inecoba~t(III) 1 • 
A very interesting observation was made in preparations 
involving the oxidation of cobaltous ion in the presence 
of ammonium paramolybdate by Cl 2 or Br2 • No reaction at all 
was observed during repeated trials using ammonium paramolybdate 
prepared in various ways. Potassium paramolybdate reacts 
readily as described above. When the ammonium salt was used, 
the acidic reaction mixture contained a large concentration of 
ammonium ions. 
++ The equations for the oxidation of Co ion by chlorine in 
the presence of paramolybdate ion are: 
a. (Predominant reaction): 
14co++ + l2Mo7024-s + 7Cla + (6+n) H20 
14(coOsMosO~s+nH2n] -s + 12H+ + 14Cl-
b. (Side reactio~) : 
14Co++ + l0!-1o7024 -s + 14Cla + 12Ha0 
7 [(coOs) aMo~oOa4] -s + 28Cl- + 24H+ 
6. Preparation of [(coOs) 2Mo~o0a4J -s using NaBi0..3.: 
Seventy-five gms. of (N~)sMo70 24 ·4H20 were dissolved in 300 ml. 
of water and 15 gms. of CoS04 ·7H20 in 35 ml. of water were added 
to the molybdate solution. 15 gms. of NaBi0 3 were added to the 
mixture, which was then boiled for 10 minutes. The color of 
(1) H. Biltz and W. Biltz, "Laboratory Methods of Inorganic 
Chemistry", Second Ed., (Adapted from German by W. Hall and 
H. Blanchard), John Wiley and Sons, Inc., New York, 1928, 
p. 176. 
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the solution changed from red to dark-green during heating. 
The solution was filtered hot, a dark brown mass remaining on 
the filter. The mother liquor had a dark-green color, which 
upon dilution appeared olive-green. Finally, the dark 
solution was cooled and kept at 0°-3°C. for two days. The 
green-blue crystals which appeared were filtered off and 
recrystallized from hot water. They were identified as 
(NH4 )s[CoOeMoeOJ.s+nH::m]·(l0-n) H20, by their X-ray powder 
pattern. The yield was 6 gms. 
The dark green filtrate was then allowed to evaporate 
slowly at room temperature. During this time, some greenish 
insoluble precipitates appeared which were filtered off from 
time to time. Finally, the large dark-green crystals of 
(NH4 )e[(co0 6 )2Mol. 0 0 24]·10H20 were filtered off and washed with 
ice-cold water. They were identified by their X-ray powder 
pattern and absorption spectrum in solution. The yield was 
2 gms. 
The use of charcoal in the preparation prevented the form-
ation of 6-molybdocobaltate(III) and dimeric 5-molybdocobaltate(III) 
anions, as already found in the case of Cl 2 • 
The equations for the preparations mentioned above are: 
a. (Predominant reaction): 
14Co++ + 12Mo70 24-s + 7NaBiOs + 30H+ 
7Bi+3 + 7Na+ + (15-n) H20 + 14[coOsMosOl5+nH2n]-s 
b. (Side reaction): 
4 ++ -6 1 Co + lOMo7024 + 7NaBi0 3 + 18H+ 
7 8coOe)2Molo024]-s + 7Bi+3 + 7Na+ + 9H20 
7. Preparation of [(Co0e)2Molo0 24]-s using Pb0 2 : This 
preparation was as follows: 75 gms. of (NH4 ) 6 Mo70 24•4H20 were 
dissolved in 300 ml. of water and a solution of 15 gms. of 
CoS04 •7H20 in 35 ml. of water was mixed with it. Fifteen gms. 
of Pb0 2 were added and the solution was boiled for 15 minutes. 
The dark-green solution was filtered hot. Green-blue crystals 
separated out of solution upon cooling. They were filtered 
off, washed with water, and recrystallized from water at 70°C. 
The yield was 14 gms. of (NH4)s[coOsMoeOl 5+nH2n]·(l0-n) H20. 
This compound was identified by its X-ray powder pattern and 
its absorption spectrum in solution. 
The dark green filtrate was cooled until no more insoluble 
material separated out. It was then filtered and allowed to 
evaporate slowly at room temperature. Dark-green crystals 
separated out along with white polymolybdates. They were 
separated from the latter by crystal picking and recrystallized 
from water at 70°C. They were identified as 
(NH4 ) 6 [(co0 6 ) 2Mol 0 0 24J·lOH20 by X-ray powder pattern and the 
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absorption spectrum in solution. The yield was 2 gms. The 
use of charcoal prevents the formation of any molybdo-
cobaltates(III). 
The equations for the above-mentioned reactions are: 
a. (Predominant reaction): 
14Co++ + 12Mo7 024 - 6 + 7Pb02 + 14H+ 
14[coOsMosO~s+nH2n] + 7Pb++ + (8-n) H20 
b. (Side reaction) t 
14Co++ + lOMo7 0 24-6 + 7Pb02 + 4H+ 
7 [(coOs) 2Mo~o024] -s + 7Pb ++ + 2H20 
f.4 
In these experiments, no evidence of a heteropoly molybdate 
containing lead as the central atom was obtained. No hetero-
poly anions containing lead are reported in the literature. 
As a check, solutions of Mo 7 0 24 - 6 ion were reacted under various 
conditions with Pb0 2 and (NH4 ) 2PbC1 6 • No heteropoly anion 
was isolated in these experiments. 
8. Preparation of [(Co06 ) 2Mo~ 00 24]-6 using KBr0 3 : The 
preparation of the dimeric potassium 5-molybdocobaltate(III) 
was carried out as follows: 50.7 gms. of Mo0 3 were dissolved 
in 450 ml. of a hot solution containing 48.7 gms. of K2C03 • 
The solution was filtered and acidified to pH 4.5 with concen-
trated HN0 3 • 16.5 gms. of CoS04 ·7H20 dissolved in 50 ml. of 
water were added to it along with 10 gms. of KBr0 3 • The 
mixture was then boiled until its color had changed from red 
to dark-green. The large amount of insoluble white poly-
molybdates which separated out were filtered off and the 
mother liquor was cooled and kept at 0°-3°C. for two days. 
The various insoluble substances which separated out during 
the first day of cooling were filtered off and discarded. 
The green-blue crystals of Ks(coOeMoeO~s+nH2n]·(lO-n) H20 
formed were filtered off, washed with water, and recrystallized 
from hot water. The compound gave the expected X-ray powder 
pattern and absorption spectrum in solution. The yield was 
4.5 gms. 
Further cooling of the dark-green mother liquor resulted in 
the formation of 1.0 gm. of dark-green crystals of 
Ke((coOe)2Mo~ 00 241"10H20, which was identified by its X-ray 
powder pattern and absorption spectrum in solution. Here 
again, the presence of charcoal prevented the formation of 
the molybdocobaltates in question. 
The equations are: 
a. (Predominant reaction): 
42Co++ + 36Mo70 24-6 + 7BrOs-
42[CoOeMoeO~s+nH2nJ-s + 7Br- + (3-n) H20 
b. (Side reaction) : 
42Co++ + 30Mo7024-6 + 7Br0s- + lSH20 
21 [(coOe) 2Mo~o024] -e + 7Br- + 30H+ 
9. Pre aration of The 
preparation of dimeric 5-molybdocobaltate(III) anion involv-
ing the use of bromine as the oxidizing agent was reported 
by Kurnakow1 in a very brief communication. No details were 
given, except for the fact that the action of Br 2 on a 
solution of potassium molybdate and cobaltous ion produced 
the light green compound 3K 2 0•Co 2 0 3 •12Mo0 3 ·20H2 0 and the 
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dark green salt 3K2 0•Co 2 0 3 ·10MoOs·lOH2 0. It was found in this 
work that this preparation gives only a very small quantity 
of dimeric 5-molybdocobaltate(III), the isolation of which 
in pure form proved difficult. For this reason the following 
procedure was worked out, which gives the best results. 
Forty-two gms. of K2 Mo04 (0.176 mole) were dissolved in 
275 ml. of water and the solution was acidified to pH 4.5 
with concentrated nitric acid. Seven-and-three-tenths gms. 
of Co(CH3 C00) 2 •4H2 0 (0.0293 mole) were added to it and the 
solution was stirred until all solids dissolved. 35 ml. of 
Br2 were introduced into the solution, which was then boiled 
until no evolution of bromine occurred. The color of the 
solution at this point was dark-green. The solution was 
cooled and kept for 12 hours at 0°-3°C., and the green-blue 
crystals thus formed were filtered off and recrystallized 
(1) N. S. Kurnakow, Chern. Ztg., 14, 113 (1890). 
twice from water at 70°0. The yield was 1.5 gms. of 
K3[co06Mo60~s+nH2n]·(10-n)H20. It was identified by its 
X-ray powder pattern and absorption spectrum in solution. 
Two recrystallizations of this salt are necessary because of 
excessive contamination by polymolybdates. 
The olive-green mother liquor obtained above was allowed 
to evaporate slowly at room temperature. After a few days 
small amounts of large dark-green crystals of 
K6[(co06)2Mo~ 00 24]·lOH20 separated out of solution. They 
were filtered off, and washed with ice-cold water. The yield 
was 1 gm. The compound was identified by its X-ray powder 
pattern and absorption spectrum in solution. 
The equations representing these reactions are: 
a. (Predominant reaction): 
4 ++ -6 (6 ) 1 Co + 12Mo7024 + 7Br2 + +n H20 
14[co06Mo60~s+nH2n]-3 + 14Br- + 12H+ 
b. (Side reaction): 
4 ++ -6 1 Co + lOMo7024 + 
7 ((coo6)2Mo~o024] - 6 
'7'Br2 + l2H20 
+ t~Br- + 24H+ 
10. Preparation of New Salts of the Dimeric 
5-Molybdocobaltate(III) Anion: The following new saltSof the 
dimeric 5-molybdocobaltate(III) anion were prepared for the 
first time: 
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a) The Guanidinium Salt: To a saturated solution of 
(NH4)a [(coOs)2Mo1o024]·10H20 (approximately 10 gms. of salt 
per 100 ml. of water) were added dropwise and with constant 
stirring a saturated solution of guanidinium nitrate solution. 
The green crystals which formed were filtered off and washed 
with cold water. They were recrystallized from water at 70°C. 
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by allowing the solution to cool to room temperature. The large 
green needles formed were filtered off and washed with cold 
water. Qualitative tests with Nessler's reagent showed the 
absence of ammonium ion in the salt. 10 gms. of the ammonium 
salt gave 5.5 gms. of the guanidinium salt. 
Analysis for [cNsHa] a [(coOa)2Mo1o024}· 6H20: 
N Found: 11.54% 
Calc.: 
Co Found: 
Calc.: 
Mo Foundt 
Calc.: 
H20 Found: 
Calc.: 
11.88% 
5.52, 5.52 
45.20, 45.05 
5.78% (by difference) 
5.09% 
Aver. 
Aver. 
5.52% 
5-55% 
45.12% 
45.23% 
The salt dissolves in water to give an olive-green solution 
typical of the [(coOa) 2Mo100 24]-6 anion. 
b) The Sodium Salt: The extreme solubility of this 
salt in water made it impossible to isolate and purify it 
from any reaction mixture wherein the heteropoly anion had 
been formed. This salt was obtained, contaminated by other 
salts, by boiling a solution containing NaeMo70 24 , co++ ion, 
and H20 2 • No method was found for its purification from 
such a mixture. For this reason, this salt was best prepared 
by passing a solution of the purified ammonium salt through 
the sodium form of Amberlite IR-120, which had been previously 
conditioned. The dark green effluent gave no test for am-
monium ion when tested with Nessler's reagent. The solution 
was allowed to evaporate slowly to dryness at room temperature. 
Dark-green crystals of pure Na6 [(coOe)Mo1 0 0 24]·18H20 were ob-
tained. 
Analysis for Nae[(coOe)2Mo1o024] •18Hz0: 
Na Found: 6.08, 6.36 Aver. 6.23% 
Calc.r 
Co Found: 
Calc.: 
Mo Found: 
Calc.: 
H20 Found: 
Calc.: 
5.55, 5.55 
45.53, 45.52 
6.52% 
Aver. 5.55% 
5.57% 
Aver. 45.52% 
45.36% 
15.42% (by difference) 
15.32% 
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c) The Lithium Salt: Like the sodium salt, this salt, 
because of its extreme solubility in water, could not be 
separated in pure form from a reaction mixture wherein the 
heteropoly anion had been formed. It was prepared, however, 
like the sodium salt, by passing a saturated solution of the 
purified ammonium salt through a column of Amberlite IR-120 
resin in the lithium form. The dark-green effluent gave no 
test for ammonium ion when tested with Nessler's reagent. 
Upon allowing the solution to evaporate to dryness at room 
temperature, dark-green crystals appeared. 
Analysis of Lie[(coOe)2Mo~o024}·16H20: 
Li Found: 2.17, 2.16 
Calc.: 
Co Found: 
Calc.: 
Mo Found: 
Calc.: 
Calc.: 
5.93, 5-92 
48.61, 48.58 
14.29% (by difference) 
14.52% 
Aver. 2.16% 
2.10% 
Aver. 5.92% 
5.94% 
Aver. 48.59% 
48.38% 
11. The Determination of Charge of [(co06 ) 2Mo~ 00 24]-6 : 
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The charge of the BcoOe) 2Mo~ 00 24]-6 was determined by potentio-
metrically titrating 100.0 ml. of a 0.002058M (NH4 )e[(co0 6 ) 2Mo~ 00 24] 
solution (prepared from the analyzed samp~e) with 0.09611M NaOH. 
This titration had to be carried out at elevated temperature 
(67 + 1°~), since the decomposition of the heteropoly anion 
by base is very slow at room temperature. A Beckman 
11 Zeromatic 11 pH meter was used, equipped with electrodes 
suitable for determining acidity in hot solutions. It was 
calibrated with Beckman Buffer (pH= 7.0) with the appropriate 
correction applied for the specified temperature. The volume 
of the solution was kept at 100 ml. by the addition of 
water. The data are given graphically in Fig. 5. 
The volume of base corresponding to one equivalent in this 
titration was 2.141 ml. The point of inflection occurs at the 
addition of 29.5 ml. of base, or: 
29.5 ml. of base - 13 8 eq i f bas t 2.141 ml. of basejequiv. - • u v. 0 e per wo 
Co atoms 
This is in good agreement with 14 equivalents of base required 
theoretically for the complete decomposition of dimeric 
5-molybdocobaltate(III) anion with a -6 charge. 
The equation is: 
12. Absorption Spectrum of [(coOe) 2Mo~ 00z4]-e: The ab-
sorption spectrum of dimeric 5-molybdocobaltate(III) anion 
prepared by the charcoal method was obtained. Solutions of 
(NH4)e((coOe)zMO~oOz4] of concentration 2.6 x 10-3 -6.4 x 10-5 M 
were measured with a DK-1 Beckman spectrophotometer. The 
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Figure 5 
Potentiometric titration of 100.0 ml. of 0.002058 M 
(NH4)e[(coOe)aMo~oOa4J solution with 0.09611 M NaOH 
solution. 
Ordinate: pH Meter Readings. 
Abscissa: Moles of NaOH per two gram-atoms of cobalt. 
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Absorption spectrum of the 
[(CoO) eMo J.oO 2 4 ]-e anion. 
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resulting data are plotted in Fig. 6. 
For comparison, the absorption spectrum of the 
[co0 6 Mo 6 0ls+nH 2 n]-s was reproduced, covering the visible 
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region only. Corex cells 1 em. long were used with the Beckman 
DK-1 instrument. The solution measured was 4.01 x 10-2 M 
Na3 [Co0 6 Mo6 0ls+nH 2 n}· The results are plotted in Fig. 6. 
13. Colorimetric Investigation of the Quantitative Nature 
of the Reaction between co++, Moz0 2 4-6 , and H2 0 2 (Charcoal 
Present): It was discovered that the dimeric 5-molybdo-
cobaltate(III) anion could be formed quantitatively by treating 
a mixture of cobaltous and paramolybdate ions with H2 0 2 in the 
presence of active charcoal. It is shown in later sections 
that 6-molybdocobaltate(III) anion is completely decomposed in 
the presence of charcoal (recall reaction chart, Chapter I, 
Section B,4). 
In order to prove the quantitative nature of the formation 
of the dimeric 5-molybdocobaltate(III), the following ex-
periments were made~ Solutions of (NH4 ) 6 ((co0 6 ) 2 Mol 0 0 24] con-
taining known quantities of cobalt were prepared by dissolving 
the necessary amount of the analyzed sample of· the salt in 
water. The absorbance of these solutions was determined at 
600 ~ with the Beckman DU spectrophotometer, using the blue-
sensitive phototube. The slit width was 0.118 mm. One 
centimeter corex cells were used. The results are plotted in 
Fig. 7. The absorption band of the complex in the vicinity 
Figure 7 
Colorimetric investigation of the quantitative forma-
tion of the [(coOe) 2Mo~oOz4]-e anion. 
Ordinate: Absorbance 
Abscissa: mg. of Co per ml. of solution. 
Circular dots represent measurements made on solutions 
of pure (NH4) 6 ((coOs) zMo~ 00z4]. Triangular dots 
represent measurements made on solutions of the same 
anion formed from a standard solution of cobaltous ion. 
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of 600 m~ is quite broad (see Fig. 6), and so shifts caused 
by presence of moderate amounts of other electrolytes 
should be negligible in most cases. 
The preparation of [(co06 ) 2Mo~ 00 24]-s in solution was 
then carried out as follows: A 100 ml. solution of standard 
CoS04 was prepared by weighing accurately a sample of CoS04 
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of approximately 2.0 gm. Aliquots of this solution, containing 
0.1-0.5 gm. of CoS04 were added to 10 ml. of water and 25 ml. 
of a solution containing 25 gms. of recrystallized 
(NH4) 6 Mo 7 0 24 ·4H2 0 per 125 ml. of solution. Two gms. of active 
charcoal (Norite A) and 10 ml. of 20% H2 0 2 were finally added 
to the cobalt solutions. They were then boiled until all 
evolution of oxygen had ceased. They were filtered hot and 
the charcoal remaining behind on the filter was washed with 
hot water. The filtrates were cooled and diluted to 100 ml. 
The absorbance of these solutions was measured at 600 mj' , 
the slit width being 0.118 mm. The results, shown graphically 
in Fig. 7, prove that the dimeric 5-molybdocobaltate(III) anion 
forms quantitatively in solution when active charcoal is 
present. 
Since the molybdonickelate absorbs in a different region, 
the procedure could be adapted to a convenient colorimetric 
determination of cobalt in the presence of nickel. The ap-
plicability of the result to the possible development of other 
analytical procedures will be discussed in Chapter III. 
.. 
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14. Diamagnetism of the L(coOs)2Mola0241-s Anionr The 
magnetic susceptibility of (NH4)s[(coOs)2Mola0 24]·10H20 was 
determined by the Gouy Method. The salt was found to be 
diamagnetic, confirming that the Co(III) atoms are octahedrally 
bound. 
15. Determination of the Oxidation State of Cobalt in the 
[(Co0s) 2Mola0 24)-s Anion: The dark color of the dimeric 
• 
5-molybdocobaltate(III) anion may suggest the possibility of 
the cobalt being present in two oxidation states. This pos-
sibility was therefore investigated. 
This determination has proved difficult because (1) the 
anion decomposes in acid solution resulting in the reduction of 
Co(III) to Co(II) with liberation of oxygen, (2) the hexavalent 
molybdenum is easily reduced by reducing agents such as 
ferrous ion, and (3) the compound resists decomposition in 
mildly alkaline solutions. Of the several reducing agents 
tried, only ferrous ion in O.lN H2S04 reduced the complex without 
affecting the molybdenum provided the solutions were not allowed 
to stand longer than thirty minutes after the addition of the 
reducing agent. This was ascertained by allowing samples 
containing excess Fe++ in O.lN H2S04 in the presence of molyb-
denum to stand for several minutes. Reduction was noted by 
the appearance of the blue color caused by the reduction of 
Mo(VI). 
Arsenic trioxide in alkaline and neutral solution was 
tried, but no reduction of the complex was noted. Iodide ion 
proved similarly unsuitable. 
Direct titration of a water solution of [(co0 6 ) 2Mo~ 00 24]-6 
with Fe++ ion is impractical because the reaction does not 
proceed in the absence of any acid. Therefore, the following 
procedure proved the most suitable: 0.5 gm. samples of 
Ke[(coOe)zMo~ 00 24]·lOH20 were dissolved in a few ml. of water 
and an excess of a 0.025N FeS04 solution in O.lN H2S04 was 
added. Upon stirring, the solution became colorless. The 
excess of ferrous ion was then back titrated with standard 
KMn04. This procedure is not entirely satisfactory, but the 
per cent cobalt in the salt thus found is in sufficiently good 
agreement with the per cent cobalt found gravimetrically. 
%Cobalt in Ke[(coOe)zMO~oOz4]·lOHzO: 
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Found by oxidation reduction: 5.55, 5.54, 5.55 Aver. 5.55% 
Found gravimetrically: 5.66% 
Calculated: 5.70% 
These facts are in agreement with the magnetic and 
spectral evidence that the cobalt in the anion in question is 
all in the trivalent state. 
76 
16. Properties of [(coOs) 2Mo~o0 241-6 Anion: This anion 
is stable in mildly basic solutions. It was decomposed by 
sodium hydroxide in hot solution, producing the black Co(OH) 3 
precipitate. The anion proved less stable in acidic solutions. 
Diluted sulfuric acid decomposed the anion with the production 
of oxygen and cobaltous ion. The free acid of this compound 
is unstable and could not be prepared in pure form as shown 
in previous sections. When solutions of its ammonium salt 
were passed through acidic ion exchange resin (Amberlite IRC-120), 
the effluent produced was milky and qualitative tests showed 
the presence of molybdic acid produced by the decomposition of 
the anion. 
When solutions of dimeric 5-molybdocobaltates(III) were 
treated with hydrochloric acid, chlorine gas was produced, no 
doubt the result of the oxidation of the Cl ion by trivalent 
cobalt. As already pointed out, active charcoal or Raney nickel 
do not have any effect on this heteropoly anion even in hot 
solutions, whereas the [co06Mo60~s+nH2n]-s is immediately de-
composed by these catalysts in hot solution, and in one-half 
hour's time in solutions at room temperature, producing co+ 2 • 
Persulfate ion converts dilute hot solutions of the 
[(coOs)2Mo~o024)-e anion into the [coOsMosO~s+nH2n]-s· This 
conversion may be understood as resulting from the decomposition 
of the 5-molybdate by the H+ released by the decomposition of 
persulfate and the subsequent formation of the 6-molybdate 
complex by the oxidation of the co+2 by persulfate in the 
presence of paramolybdate ion. 
The methods of preparation of the 5-molybdocobaltate(III) 
anion and its chemical interrelationships with the 
6-molybdocobaltate(III) anion have already been summarized 
in the reaction scheme presented in Chapter I. 
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17. Other Molybdocobaltate~Misreported in the Literature; 
Several formulas of heteropoly molybdocobaltates are found in the 
literature1 ,2. These were re-examined as part of the present 
investigation. The results are listed below. 
a) 11 3K20 •C o20 3 •12Mo0 3 •15H20 11 : This compound has been 
1 described as olive-green, fine crystals which are very soluble 
in water. It was prepared by the addition of a cold saturated 
solution of potassium chloride to a solution of 
H n 
2(NH4 ) 20•Co20 3 ·10Mo0 3 •12H20 (the correct formula for this 
compound is (NH4 )s[(coOe) 2Mo~o0241·10H20, as shown by the 
work described herein). It was found in the present work that 
the addition of potassium chloride to a solution of dimeric 
ammonium 5-molybdocobaltate produced simply the potassium salt 
of this anion. This point was further checked by employing 
the (NH4 ) 6 [(co0 6 ) 2Mo~ 00 24]·lOH20 prepared by the method of 
Friedheim and Keller1 • The dark-green crystals obtained, gave 
C. Friedheim and F. Keller, Ber., 39, 4306 (1906). 
11 Gmelins Handbuch der AnorganischenChemie", Vol. 8, System 
Number 35 (Molybdenum), Verlag Chemie, Berlin, 1935, 
p. 312-393-
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an olive-green solution, which was unaffected by charcoal. 
The absorption spectrum in solution and the X-ray powder 
pattern confirmed the composition, Ke [(coOe) 2Molo0 24J ·lOH20, 
rather than a species containing .a 6:1 atomic MorCo ratio. 
b) "3K20•Co20 3 •10Mo0 3 •11H20": Friedheim and Kellerl 
reported that this compound could be prepared by a) the 
oxidation of co+2 by potassium persulfate in the presence of 
potassium paramolybdate, and b) the addition of a large 
excess of KCl to a solution of 3(NH4) 20•Co 20 3 •12Mo0 3 ·20H20 
resulting in "decomposition" to produce the 5-molybdate 
compound. The compound was described as light green, small 
crystals. 
Both of the above-mentioned preparations were checked in 
this work. The addition of KCl to a solution of 
(NH4)s[Co0 6 Moe0ls+nH2n]·(lO-n) H20 resulted, as expected, 
in the formation of potassium 6-molybdocobaltate(III) and not 
Of the species 3K20•Co20 3 •10MoOs•llH20. Further,the oxidation 
of cobaltous ion by K2S 20S in the presence of potassium 
paramolybdate led to the formation of light blue-green crystals. 
These dissolved in water to give a blue solution typical of 
the [coOeMoeOls+nH2n]-s anion. The absorption spectrum 
confirmed this fact. Preparation by this method does not give 
a product of purity comparable to that obtained when the methods 
described in previous sections are followed. Quantitative 
(1) C. Friedheim and F. Keller, Ber., 39, 4306 (1906). 
analyses showed a Co:Mo atomic ratio of 1:7 after one re-
crystallization, and a ratio of 1:6.4 after a second 
recrystallization. It was found that contamination by 
potassium polymolybdates is quite common in hot solutions 
containing potassium ion, a fact consistent with the high 
ratios of Mo to Co obtained. Charcoal, when added to a hot 
solution of the blue-green crystals, decomposed the compound, 
as expected. 
c) 11 3BaO·Co20 3 •9MoOs•25H20": This was reported by 
Friedheim and Keller1 to result from addition of BaC1 2 to 
a solution of what was really Ks [(coOa) 2Mo~o0 24] ·lOH20. It 
was described as a light green crystalline compound. The 
addition of BaC1 2 to a solution containing pure dimeric pot-
assium 5-molybdocobaltate(III), as found in this research, 
produced a green substance, difficultly soluble in water, 
the absorption spectrum of which in solution was very dis-
torted. Apparently, the barium salt of this anion was not 
prepared in undecomposed form. 
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d) "l/2(NH4) 20·1 l/2BaO•Co20s·lOMoOs·l8 l/2H20 11 t Friedheim 
and Keller1 claimed to have prepared this by the decomposition 
of a solution of 3(NH4)20·Co20s•l2Mo0 3 ·20H20 with BaCl2. It 
was reported as light green. No doubt this is again the result 
(1) C. Friedheim and F. Keller, Ber., 39, 4306 (1906). 
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of the decomposition of the [co0 6 Mo6 0ls+nH2n]-e anion. 
2) The non-existence ofthe 9-molybdocobaltate(IV) anion: 
1 Hall has reported a compound containing tetravalent cobalt 
of composition 3K20•co+4 o 2 ·9Mo0s•6 l/2H20, formulated after the 
compound of tetravalent nickel, 3K20•Ni0 2 ·9Mo0 3 •6H20 (which 
Agarwala 2 has shown to have the following formula on modern basest 
Ke[Ni+4 0eMo90 26] •6H20). Since Hall's time, the same Co(IV) 
compound appeared uncritically in several reviews3,4,5. Hall did 
not analyze for Mo in the compound he obtained. His analyses 
are listed below: 
1 Analysis for 3K2o·co0 2 ·9MoOs·6 1j2H20 by Hall 
Calculated 
3K20 15.80 
Co02 5.10 
9Mo0s 72.61 
6 l/2H20 6.49 
0 (active) 0.90 
loss 0 + H20 7.36 
6KCl·CoCl2 32.32 
Found 
15.60 
6.36 
0.86 
7.22 
32.22 
R. D. Hall, J. Am. Chern. Soc., 29, 703 (1907). 
U. C. Agarwala, 11 Heteropoly Tungstonickelates: Preparations, 
Properties, and Structural Consideration", Doctoral 
Dissertation, Boston University, 1960. 
A. Miolati, J. prakt. chem., (2), 77, 444 ~1908). 
"Gmelins Handbuch der anorganischenChemie', Vol. 8, System-
Number 53 (Molybdenum), Verlag Chemie, Berlin, 1935, p. 392. 
J. Kleinberg "Unfamiliar Oxidation States and their 
Stabilization", University of Kansas Press, Lawrence, Kansas, 
19 50 , pp • 5' 98 • 
No details of the preparation were given by Hall, except for 
the fact that Co++ ion is oxidized by potassium persulfate 
in the presence of potassium paramolybdate to give light 
blue-green crystals of the composition shown above. 
In all our experiments involving oxidation of co++ ion 
- -6 
with S208- in the presence of Mo70 24 ions we have never 
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found any evidence whatever for a 9-molybdocobaltate(IV) anion. 
Many completely unsuccessful attempts to prepare the Co(IV) 
derivative were made, involving varying proportions of re-
actants, pH's, temperatures, and times. In light of the 
+ evidence obtained in this work, where the presence of K ion in 
hot solutions of paramolybdate ions results in contamination 
with insoluble potassium polymolybdates, the high ratio (1:9) 
reported by Hall can be explained by assuming that the 
,, d [ 1 
compound was actually Ks CoOeMoe0ls+nH2nJ,(l0-n) 
taminated with insoluble molybdates. 
E. Determination of Ionic Weights in Solution 
The degrees of polymerization of the 6-heteropolymolybdates 
of Cr(III), Co(III), Fe(III), Al(III), Ni(II), and the 
5-molybdocobaltate(III) anion were determined by a cryoscopic 
method in sodium sulfate solutions. (See Chapter I, Section B,3~ 
1. Apparatus: The apparatus was a modification of 
several described in the literature1 ' 2 ,3. It consisted of a 
P. Souchay, Ann. Chim., 18, 175 (1943). 
J. Bye, Ann. Chim., 20, ~3 (1945). 
W. Miedereich, Dipl.-xrbeit, Berlin (1951). 
Dewar test-tube (internal dimensions, 16 em. long, 2 em. in 
diameter) which was fitted with a mechanical ring-stirrer 
made of lucite. (Efficient stirring is extremely critical for 
reproducibility.) When the Dewar was connected to the vacuum, 
its contents lost heat at about 3 cals./min. at 30°C. A 
Beckman thermometer, adjusted for the range 28°-33°C., was used 
for recording of the temperature. The ring of the stirrer 
surrounded the bulb of the thermometer and the stirring action 
resulted from vertical motion of this ring. 
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2. Method: 20.0 ml. of the solution of known concentration 
of the sodium salt of the heteropoly anion was warmed to 
about 28°-29°C. and accurately pipetted into the Dewar test 
tube. Then 15 gms. of powdered, reagent grade anhydrous sodium 
sulfate (weighed out to the nearest 0.2 gm.) were added to the 
solution in the test tube and stirring was begun. After a 
few moments the stirrer was stopped, the thermometer inserted, 
and the stirrer started again, not to be stopped until the end 
of the run. The temperature of the solution rose to about 
34°-36°C., well above the transition point, and then began to 
fall relatively rapidly. The rising was caused by the heat of 
solution of anhydrous sodium sulfate. Only in a very few 
cases did the temperature fall slowly to the transition point. 
In the majority of cases, supercooling occurred and seeding was 
necessary. When the temperature had fallen to about 0.2°-0.5° 
below the expected transition point, the slurry was seeded 
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with a few crystals of sodium sulfate decahydrate. After 
30 seconds the temperature began to rise and generally reached 
a constant value within 10 minutes after seeding. The 
transition temperature remained constant for at least 15 minutes. 
The normal transition point for the equilibrium 
was determined in a similar manner using distilled water instead 
of the salt solution. 
Using this method, the ionic weights of the heteropoly anions 
listed below were determined, employing their sodium salts. 
Monomeric and dimeric anions were distinguished and relative 
stabilities were revealed. 
1 The method has been calibrated by Pope and Baker with 
substances of known molecular weight. This showed that, for 
various ions other than Na+ or So4 =, the values of (6t/c)c-to 
are very close and average 1.93°C./molality for the procedure 
described above. 6t is the depression of the transition point 
and c is the total concentration of the ions other than 
Na+ or So4 =, expressed in terms of gram-ions per 1000 gms. of 
water present (i.e., c is indistinguishably different from the 
molarity of the original dilute solution of the electrolyte 
being measured). 
(1) M. T. Pope and L.C.W. Baker, Private Communication, 1959. 
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In order to calculate the values of the molalities (c) of 
the heteropoly electrolyte solutions, the empirical formula 
weight was arbitrarily assumed to be the molecular weight. 
Values of Atj1.93c were then determined and plotted versus c. 
Since the variations of the activity coefficients of the hetero-
poly anions with concentration are negligible in a medium 
containing so much excess of sodium sulfate, the plots are 
straight lines which can be extrapolated to infinite dilution, 
yielding (~t/1.93c)c~o· If the anion is a monomer, the value 
of (~t/1.93c)c~o should extrapolate to 1. If the anion is 
a dimer, this term should extrapolate to 0.5 ( since the depres-
sion, 6t, is then only half as big, owing to the fact that there 
are actually only half as many heteropoly ions in the solution 
as would have been there had the anion actually been a monomer). 
Similarly, in the case of a trimer, (bt/1.93c)c~o should ex-
trapolate to 0.33, etc. 
Further, the method is extremely sensitive to the presence 
of low molecular weight impurities or dissociation fragments. 
The ionic weights of the heteropoly anions are very large, and 
therefore a very small contamination (in terms of weight) by 
foreign ions of usual ionic weight would produce 6t 1 s many times 
too large. (Thus the fact that the preparations described in 
this paper yielded salts of extraordinarily high purity is con-
firmed by the cryoscopic results.) 
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Similarly, a heteropoly anion may be in equilibrium with 
smaller dissociation fragments. These equilibria would com-
monly involve more dissociation particles than reactant 
particles. Therefore, upon dilution the equilibria shift toward 
dissociation. So long as the concentration of dissociation 
fragments is negligible, (~t/1.93c) versus c follows a straight-
line, the extrapolation of which points at a value showing 
whether the anion is a monomer, a dimer, etc. in the more con-
centrated solution. However, if on further dilution the 
equilibrium shifts so as to produce even a relatively small 
weight proportion of dissociation fragments, the (~t/1.93c) values 
will start to rise quickly. The dilution at which a curve starts 
to rise, departing from a straight line, therefore indicates the 
concentration below which dissociation equilibria are sig-
nificantly displaced toward dissociation. This provides some 
information relative to stability of the heteropoly species and, 
for isomorphous heteropoly anions, provides information on 
relative stabilities. The matter is further complicated by the 
involvement of H+ and OH- ions in the dissociation equilibria 
and in the equilibria among the dissociation products. These 
matters are discussed at length in Chapter III. 
In addition, the pH of the medium can be varied for sets of 
'these experiments. H2 S04 or NaOH solution can be used as solvent 
+ - A and the effect of the extra H or OH on wt can be subtracted 
out after experiments using pure H2 S04 or NaOH solution. 
Before considering the results, it is desirable to relate 
the above cryoscopic treatment based on c (the molality of 
the original aqueous solution of the anion being investigated), 
to the more conventional treatment which considers concen-
trations in terms of molalities .when Na 2 S04 ·10H20 is considered 
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as the solvent. The expression for the cryoscopic constant, K0 , 
in that case is given by the following equation1 r .· 
wherein 
vfRT 2 Ko = (fl;s) . 
m ----to 
= 
Llt = depression of the transition point 
ms = molality of solution (i.e., moles of solute per 
1000 gms. of NaaS04•lOH20). 
vf + = = number of ions or molecules other than Na , 8()4 
or H20 which one formula of the solute provides. 
(e.g., for NaCl, C2 H5 0H, or NaHS04 , vf = 1; 
for KCl or H2 S04, vf = 2; etc.) 
T = transition temperature for pure solvent = 
305.383°K. 
J\ 0 = heat evolved when one gram of Na2S04 •10H2 0 is 
formed from anhydrous Na 2 S04 plus saturated 
Na2S04 solution at T. 
The latest experimental value ofJl 0 is 58.55 cal.2, obtained 
' 
from a single experiment. When this and the values for R and T are 
-substituted in the above equation, a value is obtained for K0 of 
3.16°C. per molality (based on Na 2 S04 •10H2 0 as solvent) when vf is 
taken as 1. Other values of.Ao have been reported, e.g., 57.0 ca1. 3 
and 57.1 ca1.4 , which yield 3.25°C. for the theoretical value of K0 • 
(1) R. Haase, "Thermodynamik der Mischphasen", Springer Verlag, 
Berlin, Germany, 1956, p. 359. 
G. Brodale and W. F. Giaugue, J. Am. Chern. Soc., 80, 2042 (1958). 
K. F. Jahr and R. Kubens, Zeit. Elektrochem. 56, 05 (1952). 
N.A. Lange, "Handbook of Chemistryn, 4th Ed.,Handbook Pub-
lishers, Inc., p. 1348. 
The experimental constant of 1.93°C. per molality, 
based on water as a solvent and the quantities and proced-
ures used in the experiments described above, was an average 
obtained from numerous closely agreeing results involving a 
variety of simple and complex ions in the same apparatus 
under the same conditions. It may be converted to an experi-
mental value for K0 by multiplying 1.93 by the factor 
35.6/20.0, where 35.6 is the number of grams of Na 2 S04 ·10H 2 0 
which may be formed from 20.0 ml. of H2 0 measured at 29°G., 
and 20 ml. is the volume of foreign electrolyte solution 
used. This calculation, K0 = 1.93 x 35.6/20.0 = 3.43°G. 
per molality (based on Na 2 S04 •10H2 0 as solvent), provides an 
experimental value for K0 • Use of the experimental value, 
1.93°G. per molality based on water, eliminates from the 
final conclusions any error which might otherwise be intro-
duced by inaccuracies in the present determinations of the 
transition temperature for the pure sodium sulfate system. 
The determination of that temperature (T) is more subject 
to errors in the procedure used herein than are the deter-
minations of the transition temperatures for solutions. The 
Beckmann thermometer readings at T naturally were essential 
in evaluating the constant 1.93, but use of this constant 
for the later calculations then eliminated all dependence 
on the value of T as determined in this research. 
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3. Results: The results of the cryoscopic measurements 
are given in Figs. 8 and 9 and in Table 1 below. 
The molalities of the 6-heteropoly molybdates in question 
were fixed by accurately weighing out samples of their· an-
alyzed sodium salts and dissolving these in accurately measured 
amounts of water. The sodium salt of the Gco0 6 ) 2 Mo, 0 0 24]-• 
anion was prepared in solution by passing a solution of an 
analyzed sample of its pure ammonium salt through a column of 
Amberlite IRC-120 (Rohm and Haas Co.) strong acid type cation 
exchange resin in the sodium cycle, and then determining the 
molarity (indistinguishably close to the molality) of the 
resulting solution by analyzing aliquots for molybdenum. The 
effluent in question contained no ammonium ion according to 
a test with Nessler's reagent. 
Figure 8 
Results of cryoscopy in fused Na2S04 •lOH20 
a) 0 = Na 3 [crOeMoeO~s+nH2n] 
b) 6= Nas [coOeMoeO~s+nH2n J 
c) A= Nas(AlOeMoaO~s+nH2n] 
d) += Na 3 [FeOeMoeO~s+nH2n} 
e) 0= Na4 [NiOaWa0~8He] 
f) X= Nae [( CoOa) 2Mo~o02~ (monomeric formula: 
NafoMosOl~) 
Ordinate: 6 t/1.93c 
Abscissa: c = concentration of anion in empirical 
formula weights per 1000 gms. of water 
present. (~ M except for case f) • 
0 
0 
-
1 
., 
0 
G) 
0 
0 
..... 
0 
6 
10 
0 
. 
0 
It) 
0 
. 
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Figure 9 
Results of cryoscopy in fused Na2S04 ·10H20 
0 = [NiOeMoeO~gHe}-4 anion initially dissolved in 
pure water. 
• 
= [NiOeMoeO~gHe]-4 anion initially dissolved in 
0 .0984N H2S04. 
t) = [ NiOeWeO~gHe]-4 anion initially dissolved in 
pure water. 
Ordinate: .6 t/c (Note: 1.93 on the ordinate is 
designated by a mark to the left 
of the axis.) 
Abscissa: c = concentration of anion in empirical 
formula weights per 1000 gms. of water 
present (~ M) • 
• 0 
'8 
• 0 
~ 
• Cl 
Table 1 
Cryoscopic Results for Sodium Salts of Some Heteropoly Molybdate Anions 
Anion 
[CoO 6 Mos0 ls+nH2n] - 3 
[ Cr0 6 MoeOls+nH2nJ - 3 
[ FeOsMoeO ls+nH2n] - 3 
[AlOsMoeOls+nH2n}-3 
/ 
(D.t/1.93c)c--o 
1.01 
(Conclusion: 
monomeric) 
0.98 
(Conclusion: 
monomeric) 
[ 
0.98 
(Conclusion: 
monomeric) 
I 0.99 (Conclusion: monomeric) 
\ 
c 
(molality of 
water solution) 
0.0500 
0.0375 
0.0150 
0.00938 
0.1000 
0.0700 
0.0525 
0.0377 
0.0188 
0.04275 
0.03210 
0.02404 
0.01202 
0.00621 
0.0455 
0.0341 
0.0256 
0.0200 
0.0128 
0.0100 
6t ( oc.) 
0.104 
0.075 
0.030 
0.018 
0.215 
0.140 
0.100 
0.079 
0.039 
0.085 
0.063 
0.049 
0.025 
0.013 
0.085 
0.071 
0.051 
0.043 
0.025 
0.020 
~t/c ( oc. 
per molality) 
2.08 
2.00 
2.00 
1.92 
2.15 
2.00 
2.00 
2.10 
2.07 
2.06 
1.96 
2.03 
2.08 
2.16 
1.87 
2.08 
2.00 
2.15 
1.96 
2.00 
en 
1.{) 
Table 1 (Cont.) 
Cryoscopic Results for Sodium Salts of Some Heteropoly Molybdate Anions 
Anion 
[NiOeMoe0l8Hel-
4 
[(coOe) 2Molo024J -e 
Note: c's are calculated 
on basis of empirical 
formula: 
[CoMos0l8}-s 
(6t/1.93c) c--o 
I 1.05 
) (conclusion: 
\ monomeric) 
\ 
0.498 
(Conclusion: 
dimeric) 
l 
c 
(molality of 
water solution 
0.0800 
0.0640 
0.0500 
0.0375 
0.0281 
0.0141 
0.0920 
0.0644 
0.0322 
0.0200 
0.0100 
6-t/c 
.6-t ( oc • 
( oc. 2 ;2er molality} 
precipitated 
0.132 2.06 
0.103 2.06 
0.090 2.40 
0.070 2.50 
0.040 2.84 
0.110 1.20 
0.070 1.09 
0.035 1.08 
0.020 1.00 
0.010 1.00 
'.0 
0 
The results for solutions of sodium 6-molybdonickelate(II) 
are given in Table 1 and Fig. 9. First, measurements were made 
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on solutions of the heteropoly salt in pure water, as for the other 
compounds discussed above. These results show that the anion 
is a monomer in more concentrated solution and that the dis-
sociation equilibria produce significant proportions of additional 
ions at lower concentrations. 
Another set of measurements was therefore made, using dilute 
H2 S04 as solvent in place of water. The depression of the 
+ transition point caused by H was subtracted out, having first 
been evaluated by measurements on pure H2 S04 solutions in the 
absence of heteropoly salt. Then, when the heteropoly salt was 
measured in the presence of H2 S04 , the depression attributable 
+ to H was subtracted, leaving only the depression (Dt) attributable 
to the heteropoly anion. These results are also plotted in Fig. 9. 
They confirm the monomeric nature of the heteropoly anion. At 
first glance, they may indicate that the heteropoly anion is 
much more stable in the acidic medium, because the curve of 
(6t/1.93c) versus c does not turn upward even at low concentra-
tion. It is interesting that in this particular case, at the 
pH's involved, such a conclusion is not warranted because the 
equilibrium which obtains happens to involve the same number of 
+ -ions (other than Na or S04 -) on each side of the equation: 
Thus the extrapolation would rollow essentially a straight 
line no matter what the position of the above equilibrium was. 
These matters will be discussed in Chapter III. 
Below are given the cryoscopic data for sodium 
6-molybdonickelate(II) anion in the presence of sulfuric acid. 
The solutions of this salt contained 3 ml. of o.og84N H2 S04 per 
100 ml. of oolution .. 
Cryoscopic Data for Sodium 6-Molybdonickelate(II) 
in the Presence of H2 S01 
6 t/1.93c) c---o 
1.16 
(Conclusion: 
monomeric) 
c 
0.020 
0.040 
0.0525 
b.t 
0.044 
o.ogo 
0.121 
~t/c 
2. 20 
2.25 
2.30 
1 For comparison, the cryoscopic data obtained by Agarwala 
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for the 6-tungstonickelate(II) anion dissolved in pure water are 
reproduced in Fig. g. This anion is also monomeric, and Fig. 9 
proves that it is more stable in dilute solutions than the 
corresponding 6-molybdonickelate(II) anion. 
(1) U. C. Agarwala, Ph.D. Dissertation, Boston University, 1960. 
F. Dehydration Experiments of Heteropolymolybdates with 
Transition Metals as Central Atoms 
These experiments were carried out in order to ascertain the 
amount of constitutional water present in the anions of some 
heteropolymolybdates containing transition metals as central 
atoms. This information is particularly valuable in postulating 
structures of these anions and, in this way, as a guide to 
structural X-ray work. Potentiometric titrations give only the 
minimum number of oxygen atoms in the anion, as required by the 
charge of the anion and the oxidation states of the elements 
other than oxygen present therein. These experiments are most 
meaningful in cases where complete dehydration can be achieved 
without decomposing the anion, because in suchcases the minimum 
number is shown to be the actual number. 
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For this reason, completely analyzed samples of either the 
sodium or the potassium salts of these anions, prepared according 
to procedures developed in this research, were employed. The 
ammonium salts were found to decompose too easily when heated, 
and were therefore not used. The sodium salts particularly 
were more suitable, because their high solubility in water 
made it possible to check easily the solubilities in water of 
the dehydrated materials. Thus it was possible to check easily 
whether decomposition had accompanied the dehydration, by ob-
serving whether any insoluble matter remained or by observing 
differences in the absorption spectra of the resulting solutions 
as contrasted with solutions containing pure samples of salts of 
the anions in question. 
The sodium or potassium salts were, therefore, finely 
ground, spread on large watch glasses, and heated in an oven 
at the desired temperatures. Periodically, samples were taken 
out and analyzed as indicated. 
Because of the high molecular weights of the compounds, it 
was essential to minimize errors caused by absorption of water 
from the air. The following technique was therefore used to 
remove samples for analysis: The sample was transferred to an 
oven-dried weighing bottle, the transfer being made within the 
oven. The stoppered bottle was cooled to room temperature while 
unenclosed. It was weighed, and then a small amount of the salt 
was quickly transferred to a 100 ml. volumetric flask. The 
bottle of salt was weighed again. The sample in the flask was 
dissolved and diluted to 100 ml. Aliquots of the solution were 
analyzed for molybdenum by the Jones Reductor method. 
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In the 6-molybdate compounds investigated, because of their 
very high molecular weights, one molecule of water of hydration 
would account for a weight change of about 18 parts per thousand. 
For the dimeric 5-molybdate compounds, one water molecule per 
formula would account for a weight change of about 10 parts per 
thousand. 
Each of the samples of salts used had been completely analyzed, 
with the results given previously. The salts of the 6-molybdates 
of Al(III), Cr(III), Fe(III), and Ni(II) had been subjected to 
direct determination of total water content, by ignition of 
samples at 550°G. These results checked exactly with the 
water contents indicated by difference calculations based on 
analyses for all the elements of positive oxidation state in 
each compound. The ignited residues would not redissolve, 
when water was added, to form any of the parent heteropoly 
anions. The total water content of the cobalt derivatives could 
not be checked by ignition, since the Go 2 0 3 formed loses oxygen 
at that temperature, forming a mixed oxide of variable composi-
tion. 
1. Dehydration of K6 ((Go0 6 ) 2Mo~ 00 24] ·lOH 2 0 
Temperature Length Numbe;t:' 
of of of H20 
heating, heating % Mo molecules 
oc. (da;y:s2 found Remaining Observations 
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110 3 48.68 4.6 dark green powder, com-
pletely soluble in water. 
125 2 49.52 2.7 II 
145 2 50.46 0.7 It 
150 2 50.58 0.5 II 
160 3 50.62 0.3 II 
The sample which had been heated at 160°G., had the same 
green color as the others and dissolved completely in water to 
give an olive-green solution. The absorption spectrum of this 
solution was typical of the 8coOe)2Mo~ 00 24J -e anion and was of 
the correct absorbancy in view of the concentration of cobalt it 
contained. The anion had therefore dehydrated completely without 
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decomposition. The amount of water found in the sample heated 
at 160°C., is about 3 parts per thousand. 
2. Dehydration of Na4[Ni0 6 Mo 6 0a4He]•l6Ha0 
Length Number of 
Temperature of HaO Color of 
of heating % Mo molecules heated Other 
heatin~.! oc. {da~s~ Found remaining solid Observations 
150 1 52.70 1.6 very soluble in water 
light giving blue solu-
yellow- tion 
green 
158 1 52.93 1.4 It sample dissolved 
with small 
amount not 
dissolving 
165 3 53.01 1.3 It It 
170 4 54.28 -0.1 yellow- partly soluble, 
green giving green 
solution. 
The above-mentioned results indicate that the 6-molybdonick-
elate(II) anion cannot be dehydrated completely without 
decomposition. Complete dehydration at 170°C. resulted in com-
plete breakdown of the anion. 
3. Dehydration of Nas[CoOeMoeO~stnHanJ·(ll-n)HaO 
Length Number of 
Temperature of HaO Color of 
of heating % Mo molecules heated Other 
heating.! oc. {da~s~ Found remainin~ solid Observations 
155° 3 52.71 2.98 light- partly soluble 
green in water to give 
green solution 
170° 5 54.10 1.35 dark- insoluble in 
green water 
The absorption spectrum of the sample heated at 155°C 
showed considerable distortion. The 6-molybdocobaltate(III) 
anion, therefore, could not be completely dehydrated without 
decomposition. Other investigation1 has shown that the salt 
becomes a paramagnetic material when dehydrated. 
97 
4. Dehydration of Na 3 (crOsMosO ~stnH2n] • ( 8-n) H2 0. The de-
hydration of the relatively insoluble potassium 6-molybdo-
chromate(III) has been studied by Baker et a1., 2 who found that 
the heteropoly anion could be dehydrated completely without 
decomposition. In the present research the dehydration of this 
anion was repeated employing a completely analyzed sample of 
the soluble sodium salt, Na 3 [crOsMosO~stnH2nJ.( 8-n) HaO, by heating 
the salt at 155°C. for 2 days. The heated sample was .found to 
contain 4.78% Cr, and the amount of water based on it was 0.316 
molecules of water remaining. The heated sample had a very light 
brown color, it was very soluble in water to give a pink solu-
tion with absorption spectrum typical of the ~rOsMosO ~ 5tnH2n J -S 
anion. The anion had therefore dehydrated without any permanent 
decomposition. The significance of this will be discussed in 
Chapter III. 
(1) w. Provost and L.C.W. Baker, Private Communication, 1960. 
(2) L.C.W. Baker et al., J. Am. Chern. Soc., 77, 2136 (1955). 
G. The 6-Molybdoaluminate(III) and 6-Molybdoferrate(III) 
Anions in Solution 
1. Conductometric Titrations: The formation of some 
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heteropoly anions in solution may be followed conductometrically., 
1 Hall and Eyring used molybdates to titrate unpolymerized and 
polymerized chromic ions in solution, supposing that their 
measurements were revealing the extent of olation of the chromic 
ions. It was found that in boiled and aged solutions of chromic 
ions, the polynuclear species did not react completely with 
solutions of commercial ammonium molybdate to form what was really 
the 6-molybdochromate(III) anion. Unpolymerized hydrated chromic 
ion reacted quickly in the cold with molybdates, however, the 
conductometric endpoint corresponding to six gram-atoms of Mo per 
gram-atom of Cr. 
The formation of [Al06Mo60~s+nH2n}-s in solution was followed, 
in the work herein described, by conductometrically titrating 
solutions containing Al+3 with [Mo 7 0 24]-6 , using a conductivity 
box bridge fitted with an outside decade condenser. 
The Al(N0 3 ) 3 solution used in one case was prepared and used 
immediately in order to prevent the formation of polynuclear 
species. Its concentration was determined by analyzing aliquots 
for Al by the 8-hydroxyquinoline method. 
The (NH4 ) 6 [Mo7 0 24] solution used was prepared from recrystallized 
salt. Since the Reagent Grade ammonium paramolybdates commercially 
(1) H. T. Hall and H. Eyring, J. Am. Chern. Soc., 72, 782 (1950). 
available contain small amounts of insoluble and other species, 
the following procedure was used to prepare very pure samples 
of this salt. A saturated solution at 60°C. was prepared from 
reagent grade (NH4)s[Mo7 0 24]·4H20. The solution was then 
filtered hot to free it from the insoluble matter and it was 
allowed to remain at 0°C. for several days. The large colorless 
crystals which formed slowly, were filtered off and washed with 
ice-cold water. They dissolved in water completely to give a 
clear solution. Among other factors Hall and Eyring did not 
use recrystallized (NH4)s[Mo 7 0a4 ]·4Ha0. 
The concentration of the ammonium paramolybdate solution was 
determined by analyzing for molybdenum by taking aliquots of 
the solution, evaporating to dryness, and then igniting at 550°C. 
The Mo0 3 was then weighed. 
The conductometric titration of 50.0 ml. 0.0182 M Al(N0 3 ) 3 
solution with 0.676M (in Mo) (~)e[Mo70a4] solution is shown in 
Fig. 10. The addition of paramolybdate solution to the Al+3 was 
+3 
carried out slowly. The Al solution was stirred magnetically 
during the titration. In this case, equilibrium was reached 
within one minute after each addition of paramolybdate ion. 
As may be seen from Fig. 10, the conductance of the solution 
first rose, then decreased, and then increased again. These 
changes are understood as follows: The initial increase in 
conductance was caused by the release of H+ ion as shown in 
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Figure 10 
Conductometric titration of 50.0 ml. of freshly pre-
pared O.Ol82M Al(N0 3 ) 3 solution with 0.676M (in Mo) 
(NH4)e[Mo7024} solution. 
Ordinate: 
Abscissa: 
Relative Conductance. 
Volume in ml. of 0.676M (in Mo) 
(NH4)s[Mo~ 24} solution added. 
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the equation: 
7Al+3 +[6Mo7024J-s + (6+n) H20 "'"""+ 7~10sMo60~s+nH2n]-3 + 6H+. 
The break occurs at the addition of about 8.1 ml. of paramolybdate 
solution, which corresponds to an atomic ratio of Mo to Al of 
6:1, in agreement with the theoretical value of 6:1 required 
for the formation of the ~106Mo60~s+nH2n]-3 anion. The de-
crease of conductance beyond that point was caused by the 
removal of hydrogen ion which reacts with paramolybdate ion to 
form more condensed species1 • Such a species in solution could be 
the "tetramolybdate" anion, [Mo80 26]-4 • After the removal of all 
hydrogen ion produced according to the above equation, the conduct-
ance of the solution began to rise again owing to the addition of 
NH4 + and [Mo~ 24]-s ions. 
Aluminum ion, like chromic ion, is known to hydrolyze in 
solution to give nonlabile polynuclear species 2,3, as exemplified 
by the equation: 
6Al +3 + lSH20 ( ) +3 + Ale OH ~s + 15H 
Such polynuclear species would not be expected to react quan-
titatively at room temperature with paramolybdate ions to form 
the 6-molybdoaluminate(III) anion, a behavior already shown to be 
true for chromic ion4 • 
For this reason it was considered appropriate to allow Al+3 
solutions to stand for 2 months at room temperature, a sufficient 
(4) 
I. Lindqvist, Acta Chern. Scand., 5, 568 (1951). 
C. Brosset, Acta Chern. Scand., 6,-910 (1952). 
c. Brosset, G. Biedermann, and L. Sillen, Acta Chern. Scand., 8, 
1917 ( 19 54 ) • 
H. T. Hall and H. Eyring, J. Am. Chern. Soc., 72, 782 (1950). 
time for the above-mentioned hydrolysis equilibrium reaction 
to be established. The solution of Al(N0 3 ) 3 used in the 
conductometric titration already mentioned was allowed to 
stand at room temperature for two months. It was then 
retitrated with 0.638M (in Mo) (NH4) 6 Mo 7 0 24 solution. The 
conductometric plot, not shown here, was identical with that 
+3 
of the freshly prepared Al solution except that the break 
101 
occurred at an atomic Mo to Al ratio of 5.81:1.00 instead of at 
6.1. These data are not sufficiently accurate to establish clearly 
the reality of such a small difference, but the low value of 
5.81:1.00 thus obtained is consistent with the fact that the 
( ) +s Al6 OH 15 · species are non-labile. 
Ferric ion, prepared from freshly prepared ferric nitrate 
solutions, reacts with paramolybdate ions to form a precipitate, 
some insoluble ferric molybdate which fails to redissolve. (In 
the preparation of the [Fe0 6 Mo 6 0 1 s+nH2 n}-s anion by the addition 
of [Mo7 0 24 ]-e to ferric ion at 35°-40°C., the initial pre-
cipitate formed redissolves to produce the heteropoly anion. 
The solution, however, always remains cloudy.) For this reason 
this reaction was not investigated further by conductometric 
means. 
The formation of the Co complex could not be followed 
analogously because of the oxidation which must accompany the 
reaction. 
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2. The Absorption Spectra of 6-Molybdoaluminate(III) and of 
6-Molybdoferrate(III) Anions in Solution: The absorption spectra 
of the [FeOeMoeO~s+nH2n]-3 and of ~10eMoeO~s+nH2n]-3 anions in 
the ultraviolet region were reported by Shimura et a1., 1 who 
employed the ammonium salts of these two anions. The small 
solubility of the ammonium salts did not allow those workers 
to obtain the spectra in the visible region, where appreciable 
concentration of anion is required because of the small value of 
the molar extinction coefficients. 
A 0.0336M solution of Na3[Fe0 6MoeO~s+nH2n]·(16-n) H20 was 
used to obtain the spectrum, Fig. 11. The measurements were made 
with a DK-1 Beckman. spectrophotometer, employing 10-cm. silica 
cells. The spectrum of this solution was taken within two hours 
of the preparation of the solution. Further, the same solution 
was allowed to stand at room temperature for 4 weeks and the 
spectrum taken at that time was completely superimposable with 
the first one. This check eliminated the possibility of a slow 
dissociation of the [Fe0 6MoeO~s+nH2n]-3 anion which might thus 
result in hydrolyzed species of ferric ion which absorb strongly2 • 
As a further check, upon the addition of SCN ion to the solution 
of heteropoly anion no positive test for iron was obtained. 
Consequently, it may be assumed that the absorption is caused 
by the heteropoly anion alone. 
(1) 
(2) 
Y. Shimura, H. Ito and R. Tsuchida, J. Chern. Soc. Japan, 75, 
560 (1954). 
R. M. Milburn, Ph.D. Dissertation, Duke University, 1954. 
Figure 11 
Absorption spectra of: 
Concentration: 0.0336M 
( 2) +3 Fe.aq , reproduced from E. Rabinovitch and 
W. H. Stockmeyer, J. Am. Chern. Soc., 64, 
335 (1942). 
( 3) Nas ~lOeMoeO ~s+nH2n] 
Concentration: 0.0330M 
Ordinate: Logarithm of molar absorptivity. 
(Logarithm of molar extinction coefficient.) 
Abscissa: Wavelength in millimicrons. 
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In addition, the absorption spectrum of 6-molybdoaluminate(III) 
anion was taken. This is a complex isomorphous with the 
6-molybdoferrate (III) anion, but it contains an e.lement as central 
atom which does not absorb in the visible region. The absorption 
spectrum of a 0.0330M Na3 [AlOeMo60~s+nH2n) solution was taken in a 
manner similar to that employed for the iron complex. It is 
recorded in Fig. 11. For comparison, the spectrum of aqueous 
+s 1 Fe from the literature is also reproduced in Fig. 11. The 
absorption of Fe.aq.+3 at 408 m(G. is caused by the aquated ferric 
ion, and the shoulder at 435 ~· of the spectrum of the 
[Fe06Mo60~s+nH2n]-3 may be attributed to the octahedrally coordi-
nated Fe(III). The aluminum molybdate shows no absorption in 
this region. 
H. Heteropoly Molybdates of Manganese 
All efforts to produce 6-heteropolymolybdates of Mn(III) and 
Mn(IV) proved unsuccessful. The only heteropoly anion of 
manganese known is the 9-molybdomanganate(IV) 2'3, 4 ,5, 6 • However, 
(1) 
(6) 
E. Rabinovitch and W. H. Stockmeyer, J. Am. Chern. Soc., 64, 
335 (1942). -
C. Friedheim and M. Samuelson, Z. anorg. chem., 24, 67 (1900). 
R. D. Hall, J. Am. Chern. Soc.,~, 699 (1907). --
R. Schaal and P. Souchay, Anal. Chim. Acta, 3, 114 (1949). 
J. L. T. Waugh, D. P. Schoemaker and L. Pauling, Acta Cryst., 
7 , 4 38 ( 19 54 ) . 
G. A. Tsigdinos, Master's Thesis, Boston University, 1955. 
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during this investigation, attempts to reproduce some work 
of Friedheim and Samuelson1 were unsuccessful. These authors pre-
[ ~ ]~ . pared the Mn OsMo902s anion by oxidation of a solution 
of Mn+2 ion by hydrogen peroxide in the presence of [Mo70 24]-s 
ions. They also claimed in the same paper the preparation of 
other heteropoly anions ~manganese containing atomic ratios 
of Mn:Mo other than 1:9, such as 1:7, 1:8, ltll, etc. These 
ratios were based solely on analyses. These compounds were claimed 
to have been prepared by using the same ratio of Mn to Mo employed 
in the preparation of the 9-molybdomanganate(IV) anion, but using 
different concentrations of H20 2, such as 18% instead of 3%, etc. 
The results of the present investigation have shown that 
regardless of the concentration of H20 2 used, the same anion, 
i.e., the ~+406Mo90 26]-6 , is produced, as shown by X-ray 
powder patterns. However, in one case analysis for Mn and Mo 
showed a ratio of 1:7.5, but this species gave the same X-ray 
powder pattern as the (NH4 )s[Mno 6 Mo90 2s}·6H20 salt. Apparently, 
the Mn+2 takes the place of some of the ammonium ion outside the 
complex in some of these cases, thus explaining some of the 
ratios of Mn:Mo obtained by Friedheim. 
~ 2 Addition of K2Mn Cl 6 , prepared according to the literature , 
to a solution of [Mo~ 24 ]-s ions resulted immediately in the 
formation of red crystals, the X-ray powder pattern of which was 
identical with that of (NH4 ) 6 [MnOeMo902a] ·6H20. 
C. Friedheim and M. Samuelson, Z. anorg. chem., 24, 67 (1900). 
R. F. Weinland and P. Dinkelacker, z. anorg. Chern., 60, 
173 (1908). 
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It appeared reasonable that tervalent manganese might 
form 6-heteropoly compounds with molybdenum because of the 
isomorphicity of various Mn(III) complexes, such as oxalates, 
with those of Fe(III), Co(III), and Al(III) 1 • Solid 
Mn(CHsCOO)s·2H20 was prepared 2 and added slowly to a solution 
of ammonium paramolybdate. The solution developed a yellow color 
upon the addition of Mn(III) which changed to bright red. This 
was followed by the precipitation of bright red crystals which 
were contaminated with a buff-colored insoluble material. The 
X-ray pattern of this latter material showed no crystallinity. 
(It may consist of insoluble molybdomanganates.) The red 
crystals first formed were filtered off, washed with water, and 
recrystallized. The X-ray powder pattern was identical with 
that of (NH4)s[Mn06Mo90 26 ]·6H20. The results are the same when 
the preparation is carried out in hot solutions. When oxygen was 
excluded, the same results were obtained. 
These facts are consistent with the instability in water 
solutions of Mn(III) ion and its complexes, many of which dis-
proportionate into Mn(II) and Mn(IV). The formation of the 
[ +4 ]-' Mn 06Mo90 26 is thus understood. The original yellow color 
which develops when Mn(CH3 COO)s•2H20 is added to the para-
molybdate solution may be caused by the formation of a heteropoly 
molybdomanganate(III), which later decomposes. However, very 
(1) 
( 2) 
N. V. Sidgwick, "The Chemical Elements and Their Compounds 11 , 
Vol. II, Oxford. The Univ~rsity Press, 1950, p. 1279. 
G. Brauer "Handbuch der Praparativen Anorganischen Chemie 11 , 
Ferdinand Enke Verlag,Stuttgart, 1954, p. 1097. 
dilute water solutions of Mn(III) ions are also known to 
develop a yellow color, caused by the presence of colloidal 
hydrous manganese(III) oxide1 • 
I. 9-Heteropoly Molybdate Anions with Fifth Group 
Elements as Central Atoms 
1. The Dimeric 9-Molybdophosphate(V) Anion. 
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a) Preparation of Dimeric Ammonium 9-Molybdophosphate(V): 
2 This compound had been prepared by Rosenheim and Traube and by 
3 Wu , but both the formula and the structure assigned to it by 
these workers is not in agreement with the evidence obtained 
in the present research. This will be shown in the Discussion 
section (Chapter III). In the following descriptions, the cor-
rect formulas, as determined herein, will be used throughout. 
To prepare pure dimeric ammonium 9-molybdophosphate(V), a 
modification of Wu's method was followed. For this purpose, 
100 gms. of Na 2 Mo04 •2H2 0 were dissolved in 400 ml. of water, then 
15 ml. of 85% H3 P04 and 80 ml. of concentrated hydrochloric acid 
were added to the solution with constant stirring. The resulting 
(1) N. V. Sidgwick "The Chemical Elements and Their Compounds", 
Vol. II, Oxford: The University Press, 1950, p. 1274. 
A. Rosenheim and A. Traube, Z. anorg. Chern., 91, 75 (1915). 
H. Wu, J. Biol. Chern., 43, 183 (1920). -
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solution, which had a yellow color1 , was boiled for eight 
hours under reflux. At times, a few drops of 3% hydrogen 
peroxide were added to restore the yellow color of the solution, 
which had become green owing to reduction of the heteropoly 
compound. 
The soluble ammonium 9-molybdophosphate(V) was separated 
by precipitating it from the resulting mixture by employment of 
the common ion effect. A large excess of ammonium chloride was 
used. First, excess of solid ammonium chloride was added, 
with rapid stirring, in quantity just sufficient to dissolve 
entirely before precipitation began. (The precipitation ap-
parently involves a short induction period~ The addition of 
solid was followed by the addition of a saturated solution of 
ammonium chloride. This procedure avoided excessive contamina-
tion of the product with the precipitating agent and possibly 
with NH4H2 P04 • Yellow crystals of ammonium 9-molybdophosphate(V) 
separated out of solution. The large excess of ammonium chloride 
was necessary because the desired salt is extremely soluble in 
water. 
(1) The yellow color which first develops when molybdate solutions 
are acidified by acid in the presence of phosphate ions results 
from the formation of the (P04Mo~ 20 36]-s species. This may be 
easily verified by adding ammonium ion to such solutions, where-
upon the insoluble (NH4 ) 3 rPo4Mo~a03e]·nH20 is obtained. The 
ammonium salt of the 9-mofybdophosphate(V) anion is very sol-
uble in water. The excess H3 P04 and prolonged heating em-
ployed in this P-reparation serve to convert the [P04Mo~ 20 36]-s 
anion into the [(P04 ) 2Mo~g0 54] -e species. It has been found 
in the present work that a minimum of five hours of refluxing 
was necessary to accomplish this conversion. 
loa· 
Purification of ammonium 9-molybdophosphate(V): The extreme 
solubility of this salt in water makes its contamination with 
the precipitating agent inevitable. Its purification, however, 
was effected by recrystallization by means of polarity varia-
tion of the solvent. The product of the precipitation described 
above was dissolved in 100 ml. of water and 300-400 ml. of 
dioxane were then added. Ammonium 9-molybdophosphate(V) pre-
cipitated out of solution. It was washed with a 3:1 (by volume) 
solution of dioxane in water, then with pure dioxane, and finally 
with ether. Both ammonium chloride and NH4H2P04 are fairly 
soluble in 3:1 (by volume) dioxane-water mixture. The yield 
was 25 gms. of (N~)s[(P04)2Mo~ 00s4]·14H20. 
The removal of the above-mentioned impurities was necessary, 
otherwise significant errors would be introduced in the titrations, 
because of the very high molecular weight of the heteropoly 
compound and low molecular weight of such impurities. 
The equation for the formation of the 9-molybdophosphate(V) 
anion is, on the basis of overall stoichiometry: 
18Na2Mo04 + 2HsP04 + 36HC1--7 HslSP04)2Mo~sOs4] + 36NaCl + 23H20. 
A solution of the ammonium salt was prepared which was later 
used for potentiometric titration. This solution when analyzed 
for nitrogen gave, as the number of nitrogen atoms per two phos-
phorus atoms, 5.85 and 6.09. The calculated value is 6. 
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b) Dimeric Dimethylammonium 9-Molybdophosphate(V): 
This salt, a new compound, was prepared as follows: Twenty-five 
gms. of (NH4)6[(P04)aM0~80s4]·14H20 were dissolved in 100 ml. 
of water and a saturated solution of dimethylammonium chloride 
was added to the heteropoly salt solution, dropwise and 
" 
with constant stirring, until almost all the desired salt had 
precipitated. The copious yellow precipitate which was formed 
was filtered off and washed several times with ice-cold water. 
It was then dissolved in the minimum amount of water at 60°C., 
the solution was filtered and the yellow mother liquor was cooled 
and allowed to remain at room temperature. Upon standing over-
night, large yellow crystals were formed. These were filtered 
off and washed with ice-cold water. The yield was 24 gms. of 
[ (CHs) 2NH2] 6 [(P04) aMo~80s4] •4Ha0 .. 
Analysis of [(cHs) aNH2] 6 [(P04) aM0180s4] ·4Ha0 t 
Found Calculated 
N 2.63% 2.68% 
p 1.99, 1.99 Aver. 1.99% 1.98% 
Mo 55 • 26 , 55 • 24 Aver. 55.25% 55.20% 
The solubility of this salt in water at room temperature 
is about 12 gms. per liter. 
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c) Dimeric 9-Molybdophosphoric(V) Acid: Owing to the 
extreme solubility of this acid in water, it has been very dif-
ficult up to now totrepare a pure solution of it. Earlier methods 
involved extraction of this compound with ether from acidified 
solutions of its ammonium salt1 . Unfortunately, the hydrochloric 
acid used for this purpose is slightly soluble in ether, a fact 
which made the presence of small amounts of hydrochloric acid in 
the heteropoly acid inevitable. Because of the high molecular 
weight and polybasic nature of the latter compound, a large 
error could thus be introduced in the determination of its 
basicity. 
Pure dimeric 9-molybdophosphoric(V) acid was prepared in 
this work by passing a solution of its ammonium salt through 
Amberlite IRC-120 (Rohm and Haas Co.) high capacity resin in the 
hydrogen form. The acid effluent had a yellow color, gave a 
negative test for ammonium ion when tested with Nessler's 
reagent and had a pH of 1.94. 
Analysis showed an atomic ratio of P to Mo of 1.00:9.03, the 
theoretical being 1:9. 
d) Determination of the Charge of the Dimeric 
9-Molybdophosphate(V) Anion: The charge of this anion was 
obtained by potentiometrically titrating at room temperature 
50.0 ml. of a 0.004104M (NH4)e[(P04)2Mo~sos4] solution with 
C02-free O.l292M NaOH. A Leeds and Northrup pH meter, Model 7662, 
(1) H. Wu, J. Biol. Chern., 43, 183 (1920). 
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was used. The solution was constantly stirred with an electric 
stirrer. The pH meter readings were checked until the reading 
did not vary 0.01 pH unit during a four-minute lapse. The 
molarity of this salt was determined by analyzing aliquots for 
Mo by the Jones reductor method. 
These results are plotted in Fig. 12, upper curve. In this 
titration, 1.59 ml. of base correspond to one equivalent. The 
titration curve shows a single point of inflection at 53.5 -~. of 
base added which therefore corresponds to 33.8 equivalents. 
This value is in good agreement with the theoretical value cal-
culated assuming a minus six charge for a dimeric 
9-molybdophosphate(V) anion of the formula used herein, as shown 
in the equation below: 
[ (P04) .2Mol80s4] -s + 340H-----?O-
The fact that there is only a single point of inflection in 
the curve, corresponding to the complete decomposition of the 
anion, indicates that the dimeric ammonium 9-molybdophosphate(V) 
is a normal salt, rather than an acid-salt. The significance 
of this is considered later in the Discussion section. 
e) Determination of the Basicity of Dimeric 
9-Molybdophosphoric(V) Acid: A 75.0 ml. sample of 0.004126M 
H6 [(P04 ) 2 Mol80s4], prepared by ion-exchange as described above, 
was potentiometrically titrated at room temperature with C0 2 -free 
O.l292M NaOH. The molarity of this acid solution was determined 
by analyzing aliquots of the solution for molybdenum by the Jones 
reductor method. 
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The number of milliliters of 0.1292M NaOH which contain 
the same number of moles of solute as there are moles of acid 
in 75.0 ml. of 0.004126M acid is 2.38 ml. The titration results 
are plotted in Fig. 12, lower curve. 
This curve has two points of inflection. The first point 
of inflection occurs at 14.5 ml. of base and corresponds to 
the complete neutralization of the six replaceable hydrogen ions 
of the acid. The second point of inflection occurs at the 
addition of 95.0 ml. of base and corresponds to 40 moles of base 
per mole of acid, the first six moles being utilized for the 
neutralization process and the remaining 34 for the anionic 
degradation. The long plateau in the curve indicates that the 
anion is being degraded by base. The color of the solution 
loses its intensity during the anionic degradation. When the 
decomposition was complete the solution attained a light blue 
color, owing to a slight reduction of the molybdenum. 
For the first point of inflection: 
14.5 ml. of NaOH = 6.10 equivalents of base 2.38 ml. of basejequiv. 
For the second point of inflection: 
95.0 ml. of base = 4 
2.38 ml. of NaOH/equiv. 0 •0 
These results are in excellent agreement with the postulation that 
Ha[(P04) 2Mo~g0 54J is the correct formula for the acid. The 
results clearly exclude the dodecabasicity of the 9-molybdophosphoric 
1 
acid proposed by Rosenheim and Traube and supported by various later 
(1) A. Rosenheim and A. Traube, z. anorg. Chern., 91, 75 (1915). 
Figure 12 
Upper Curve: Potentiometric titration of 50.0 ml. 
of 0 .004104M (NH4) s [(P04) 2Mo~sOs4] solution with 0 .1292M 
NaOH solution. 
Lower Curve: Potentiometric titration of 75.0 ml. 
0 .004126M H6 L(P04 ) 2Mo~g0 54} solution with 0 .1292M NaOH 
solution. 
Ordinates: pH Meter Readings. 
Abscissae: Moles of NaOH per two gram-atoms of 
phosphorus. 
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writers as will be considered in the Discussion section, Chapter 
III. 
f) The Approximate Dissociation Constants of 
He[(P04)aMOl80s4J: The shape of the potentiometric titration 
curve for this acid shows that the values of its individual 
dissociation constants lie close together. The pH was 2 when 
0.5 mole of NaOH per mole of acid had been added. The pH was 
3 when 5.5 moles of NaOH per mole of acid had been added. There-
fore, as explained in the Discussion section (Chapter III), the 
six classical dissociation constants for this acid under the 
conditions of the experiments, all have values which lie between 
10-2 and 10-3 • 
g) Dehydration of Dimeric Dimethylammonium 
9-Molybdophosphate(V): Complete dehydration of this salt was 
obtained by heating very finely ground samples of the salt at 
135°C. for fifteen hours in an oven. At the end of the heating 
period, the salt had a very faint tint of green color owing to 
a very slight superficial reduction of molybdenum. The dehydrated 
salt readily dissolved completely in water to give its charac-
teristic bright yellow color. It had not, therefore, decomposed. 
Further heating did not result in further loss of weight. Ig-
nited material did not completely dissolve. 
Samples of this dehydrated salt were removed, and analyzed 
for molybdenum by the Jones reductor method. It was found that 
obtaining the amount of water lost by weighing the heated sample 
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was not a sufficiently accurate method, because of the small 
percentage of water in the molecule. 
Analysis of [( CHs) 2NH2}e [ (P04) 2Mo~sOs4]: 
Mo Calc.: 56.50% 
Found: Aver. 56 .so% 
This evidence indicates that there is no constitutional 
water present in the 8P04)2Mo~sOs4}~6 anion. Thus the number 
of oxygen atoms in the anion is 62, in agreement with the X-ray 
evidence obtained for the corresponding isomorph, [(P04 ) 2W~s0 54] _e, 
1 the structure of which was determined by Dawson • 
2. The Dimeric 9-Molybdoarsenate(V) Anion. The investigation 
of the chemistry of this anion has presented several difficulties. 
It was found that several factors such as temperature, concen-
tration, and length of standing of solutions containing this 
anion, influenced its stability in water. 
It was, therefore, undertaken in this investigation to make 
an adequate study of the influence of these factors. Also, 
preparative methods were developed for obtaining salts and the 
free acid in pure form, suitable for the investigations desired. 
a) Preparation of Dimeric Ammonium 9-Molybdoarsenate(V)t 
The best preparation found for this anion required BaMo04 in 
sufficiently reactive form. It was found that BaMo04 prepared 
(1) B. Dawson, Acta Cryst., £, 113 (1953). 
from warm solutions of Na 2Mo04 and BaC1 2 did not react with 
sulfuric acid in the presence of arsenic pentoxide to form 
the desired heteropoly anion. For this purpose it was found 
best to follow the method described below which gives BaMo04 
having the desired characteristics1 . 
Two-hundred gms. of (NH4)s[Mo7024]·4H20 were dissolved in 
1200 ml. of boiling water which had been previously made basic 
by the addition of a few drops of concentrated ammonium 
hydroxide. This solution was added slowly to a solution con-
taining 400 gms. of Ba(OH) 2 ·8H20 in 200 ml. of C0 2-free water, 
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which was kept warm on a hot plate. The resulting solution was 
kept warm for two hours under mechanical stirring. The white 
barium molybd~te precipitate was washed several times with hot 
water by decantation, and then treated once more with a dilute 
solution of barium hydroxide and heated for one additional hour 
with constant mechanical stirring. Finally, the barium molybdate 
was washed several times with hot water and collected by suction 
filtration. It was used within twenty-four hours having been 
kept damp at all times. 
Dimeric ammonium 9-molybdoarsenate(V) was prepared from a 
solution of its impure acid which was first made in solution 
according to the literature2,3. The BaMo04 obtained as described 
(1) G. Brauer, "Handbuch der Praparativen Anorganischen Chemie", 
Stuttgart: Ferdinand Enke Verlag, Part 8, 1953, p. 1280. 
0. Pufahl, Dissertation, Leipzig, 1888. 
A. Rosenheim and A. Traube, Z. anorg. Chern., 91, 75 (1915). 
above was suspended in 400 ml. of water and 20 ml. of water 
containing 15.0 gms. of As 2 05 were added to it. Sixty-two ml. 
of concentrated H2 S04 were then carefully added dropwise to 
the well-stirred mixture. A bright yellow color developed 
after a few minutes of stirring. The impure heteropoly acid 
solution was separated from the barium sulfate by suction 
filtration. This filtrate assumed a green color owing to some 
reduction of molybdenum. The yellow color was restored by the 
addition of a few drops of 3% H2 0 2 solution. The yellow 
116 
solution was then allowed to stand overnight, so that additional 
small amounts of BaS04 could separate out. 
Solid ammonium chloride was then stirred into the yellow 
solution of the impure He[(As04) 2Mo~sOs4l until a yellow pre-
cipitate began to form. Then a saturated solution of ammonium 
chloride was added. The bright yellow crystals of dimeric 
ammonium 9-molybdoarsenate(V) were filtered off and purified by 
recrystallization using the dioxane method as already described 
for the case of dimeric ammonium 9-molybdophosphate(V). (See 
Section la above.) The bright yellow crystals of 
(N~)e[(As04 ) 2Mo~g0 54 ]·14H20 thus obtained dissolved completely 
in water, indicating that they were free of any 
(NH4)s[As04Mo~ 20se]·5Ha0, which is very insoluble1 • 
(1) J. W. Illingworth and J. F. Keggin, J. Chern. Soc., 575 (1935). 
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The equation for the preparation of the impure acid is: 
l8BaMo04 + As20s + l8H2S04 ---3- l8BaS04 + He [ (As04) 2Mol80 54 J + 15H20 
Aliquots of a solution of (N~)e[(As04 ) 2Mol80s4] which was 
later used for potentiometric titrations were analyzed for N, 
As, and Mo. The atomic ratio of Mo to As was found to be 9.05 to 
1.00, the theoretical being 9 to 1. TheN to As atomic ratio 
was found to be 2.98 to 1.00, the theoretical being 3 to 1. 
b) Preparation of Dimeric Dimethylammonium 
9-Molybdoarsenate(V): This salt, a new compound, is much less 
soluble than the ammonium salt. It can be prepared in very pure 
condition by adding dimethylammonium chloride to the ammonium 
salt, or by adding dimethylammonium chloride to a solution of 
the impure acid prepared as already described. 
A saturated solution of dimethylammonium chloride was added 
slowly to a solution of impure He[(As04) 2Mol80s4] until no more 
yellow precipitate seemed to separate. The precipitate was 
filtered off and washed with cold water •. It was recrystallized 
from the minimum amount of water at 60°C., by allowing the solu-
tion to cool and then stand at room temperature. The large 
bright yellow crystals were filtered off and washed with water. 
The yield was 44 gms. of [c CHs) 2NH2}e EAs04) 2Mol80s41·4H20. 
Its solubility is about 12 gms. per liter. 
A solution containing 5 gms. of this salt per 500 ml. of 
solution was analyzed for nitrogen, arsenic, and molybdenum. It 
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had an atomic ratio of Mo:As equal to 8.92 to 1.00, the cal-
culated value being 9 to 1. TheN to As atomic ratio was found 
to be 2.92 to 1.00, the theoretical being 3 to 1. 
The number of molecules of water of hydration in the solid 
[(CHs)2NH2)e [(As04)2Mo~80s4] ·4H20 was found by analyzing for 
molybdenum by the ~-benzoinoxime method. 
Analysis for Mo: 
% Mo 
% Mo 
Calc.: 
Found: 
53.69% 
53.67, 53.62, 53-75 Aver. 53.68%. 
c) Determination of the Charge of the [(As04 ) 2Mo~s0 54]-6 
Anion: The course of the decomposition of the dimeric 
9-molybdoarsenate(V) anion was followed by potentiometrically 
titrating 75.00 ml. of 0 .005991M (NH4) s [(As04) 2Mo~80s4] solution 
with C0 2-free O.l634M NaOH. The titration was carried out at 
room temperature under the same conditions described previously 
in this chapter. The molarity of the heteropoly anion solution 
was found by analyzing for molybdenum after distilling off arsenic 
as AsCls. The potentiometric titration data are plotted in 
Fig. 13. 
The number of milliliters of O.l634M NaOH which contain the 
same number of moles of solute as there are moles of salt in 
75.0 ml. of 0.005991M (NH4)s[(As04)2Mo~80s4] solution is 2.758 ml. 
The titration curve shows a peculiar hump at the beginning, 
which is absent in the titration curve of the corresponding dimeric 
ammonium 9-molybdophosphate(V), Fig. 12. However, the point of 
inflection occurs at the addition of 92.75 ml. of base, which 
Figure 13 
Potentiometric titration of 75.0 ml. 0.005991M 
(NH4)s[(As04)2Mo~sos4] solution with O.l634M NaOH 
solution, at room temperature (~25°C.). 
Ordinate: pH Meter Readings. 
Abscissar Moles of NaOH per two gram-atoms of 
arsenic. 
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corresponds to 33.63 equivalents. This is in good agreement 
with the theoretical value of 34 equivalents, assuming a charge 
of minus six for the dimeric 9-molybdoarsenate(V) anion, as 
shown in the following 
[ (As04) 2Molg0 5~ -e + 
equation: 
- -2 -:a 340H --- l8Mo04 + 2HAs04 + 16H20 
The hump in the titration curve of this anion was probably 
caused by some hydrolytic degradation of the anion, as will be 
explained in the Discussion section (Chapter III). 
d) Potentiometric Titration of Dimeric Dimethylammonium 
9-Molybdoarsenate(V): In order to clarify the hump present in~ 
the titration curve of (NH4)e EAs04)2MolgOs4], Fig. 13, another 
salt of the same anion was chosen for potentiometric titration, 
and its behavior towards base was determined. 
For this purpose, the decomposition of the dimeric 
9-molybdoarsenate(V) was followed by titrating a 75.0 ml. 
sample of 0.004050M [(cHs)2NH2]e [(As04) 2MolgOs4] with carbonate-
free O.l031M NaOH. The same titration procedure was followed 
as already described. The molarity of the salt was determined 
by analyzing for molybdenum after removing arsenic as A1Cl 3 • 
These data are plotted in Fig. 14, upper curve. 
This titration was not carried out immediately after the 
dissolution of the solid heteropoly salt in water. Approximately 
two days elapsed after the preparation of the salt solution. The 
Figure 14 
Upper Curve: Potentiometric titration of 75.0 ml. 
0 .004050M EcHs) 2NH2]s UAs04) 2Mo~g0 54l s~olution with 
O.l031M NaOH solution, after the former had been standing 
for two days at room temperature (.v 25°C.). 
Lower Curvet Potentiometric titration of 100.0 ml. of 
0.003914M Hs[(As04) 2Mo~sOs4] solution with 0.1045M NaOH 
solution. The acid was freshly prepared at 0°C. and 
titrated at l5°C. 
Ordinates: pH Meter Readings. 
Abscissae: Moles of NaOH per two gram-atoms of arsenic. 
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irregularity in the beginning of the curve was not caused by 
any replaceable hydrogen ions in the salt (a possibility which 
can be discounted because of the combination of the nitrogen 
analysis and the fact that no more than the theoretical number 
of moles, 34, of NaOH per mole of GAs04) 2Mo~g054}-s were 
consumed). The irregularity is caused by some hydrolytic 
degradation of the heteropoly anion. This last process could 
liberate hydrogen ion which would account for the initial 
low pH of the salt (compare with titration of (NH4)e [(P04)2Mo~gOs4], 
Fig. 12, upper curve). 
In order to find out whether this hydrolytic degradation was 
a function of time, solutions of [(cHs) 2NH2] s [(As04) 2Mo~gOs4] 
containing 1.5, 3.0, and 5.0 g. of salt per 500 ml. of solution 
were allowed to stand at room temperature. The yellow color 
of the solutions was reduced in intensity after a time lapse 
of several days. This effect was more pronounced for the less 
concentrated solution. In fact, the yellow color of this solution 
disappeared completely after three weeks time. This observation 
may be explained by the fact that the dimeric 9-molybdoarsenate(V) 
anion undergoes hydrolytic degradation to a larger extent in 
dilute solutions and that the equilibria thus established are 
slowly attained. 
A freshly prepared solution of 0 .003194M 
({cHs)2NH2}s[(As04 ) 2Mo~sOs4] was potentiometrically titrated im-
mediately after preparation,with 0.1031M NaOH. The molarity of 
Figure 15 
Potentiometric titration of freshly prepared 0.003194M 
~CH3 ) 2NH2]eQAs04)2Mo~sOs4} solution with 0.1031M NaOH 
solution, at room temperature (~25°C.). 
Ordinate: pH Meter Readings. 
Abscissa: Moles of NaOH per two gram-atoms of arsenic. 
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this solution was found by analyzing for Mo after removing 
arsenic. These data appear plotted in Fig. 15. 
The number of ml. of 0.1031M NaOH corresponding to one 
equivalent is 3.098. The point of inflection, as seen from 
the curve, occurs at the addition of 105 ml. of base, and 
corresponds to 33.9 equivalents. This is in good agreement 
with the value of 34 equivalents required theoretically. This 
titration curve also shows some of the same apparent anionic 
degradation present in the titration curves of the ammonium 
and dimethylammonium salts of this anion, Fig. 13 and Fig. 14, 
upper curve, respectively. 
e) Dimeric 9-Molybdoarsenic Acid: A solution contain-
ing free acid, He GAs04)2Mol80s4], was prepared by passing a 
solution of the pure ammonium salt, (NH4)e[(As04) 2Mol80 54] through 
Amberlite IRC-120 (Rohm and Haas Co.) exchange resin in the 
hydrogen form. The effluent collected had a pH of 1.70 and 
showed the absence of any ammonium ions when tested with 
Nessler's reagent. This solution, upon analysis, showed an 
atomic ratio of Mo to As of 8.94 to 1.00, the theoretical 
being 9.00 to 1.00. Its molarity was found to be 0.006429 based 
on the molybdenum analysis. The solution stood for 24 hours 
before titration. 
f) The Basicity of Dimeric 9-Molybdoarsenic Acid: A 
75.00 ml. solution of 0.006429M He[(As04)2Mol80s4] was potentio-
metrically titrated at room temperature with C0 2-free O.l640M 
NaOH. The data for this titration are plotted in Fig. 16. 
Figure 16 
Potentiometric titration of 75.0 ml. 0.006429M 
H6 [(As04) 2Mo~sOs4J solution with 0 .1640M NaOH solu-
tion, at room temperature (~25°C.). 
Ordinate: pH Meter Readings. 
Abscissa: Milliliters of O.l640M NaOH solution 
added. 
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The number of ml. of O.l640M NaOH which contain the same 
number of moles of solute as there are moles of acid in 75.00 
ml. of 0.006429M acid solution is 2.94 ml. Two points of 
inflection appear in the titration curve, Fig. 16. The first 
occurred at the addition of 22.0 ml. of base and this cor-
responds to 7.48 equivalents (of H+). The second point of 
inflection occurred at 116.0 ml. of base, or 39.5 equivalents. 
The result obtained for the last point of inflection is in 
acceptable agreement with the theoretical value of 40 equiv-
alents, assuming that the first six moles were being utilized 
for the neutralization process and the remaining 34 for the 
anionic decomposition as shown by the equation below: 
The first point of inflection deviates considerably from 
the expected value of six equivalents, the length of the 
neutralization plateau being increased to 7.48 equivalents and 
the length of the anion degradation plateau being correspondingly 
shortened. 
In order to ascertain the cause of this discrepancy, a 
solution of H6 [(As04 ) 2Mol80s4} was prepared at ice temperatures 
and titrated immediately after preparation. For this, a 
solution of EcH3 ) 2NH2]e [(As04 )2Mol80s4] was prepared at 0°C., 
and was passed through a column of Amberlite IRC-120 (Rohm and 
Haas Co.) resin in the hydrogen form which had been previously 
chilled to 0~-5°C. by passing through the column copious amounts 
of water at 0°C. The effluent acid thus obtained was 
maintained at 0°C. The molarity of this acid solution was 
later found to be 0.003914M by analyzing for molybdenum. 
Analysis of this solution showed a Mo to As atomic ratio of 
8.97 to 1.00, the calculated ratio being 9:1. 
A 100.0 ml. aliquot of the acid prepared as shown above was 
potentiometrically titrated with 0.1045M NaOH immediately after 
its preparation. The temperature of the solution was maintained 
at l5°C. during the titration. These data are plotted in Fig. 14, 
lower curve. 
The number of ml. of base per equivalent of acid in this 
calculation is 3.745 ml. 
The first point of inflection, which is very well defined 
(compare with that of the warmer He((P04)2M0~80s4] , Fig. 12, 
lower curve), is at 22.8 ml. of base, corresponding to 6.08 
replaceable H+ ions. 
The second point of inflection is at 151.0 ml. of base or 
40.3 equivalents. The theoretical value is 40.0 equivalents. 
A further check on the basicity of He[(As04 ) 2Mo~80s4] was 
made by preparing another solution of this acid at 0°C., as 
already described, and carrying out titrations a) immediately 
after preparation of the acid solution and b) after allowing the 
same acid solutlon to remain at room temperature for 5 days. 
These titrations cover only the addition of the first 8 equivalents 
of base. The results clearly indicate that in case (a) the 
point of inflection is very sharp showing just six replaceable 
hydrogen ions. In case (b), the same point of inflection 
is less distinct and has shifted toward the consumption of 
about 7.5 equivalents of base, i.e., more than required for 
the neutralization of six hydrogens. 
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Case (a): The potentiometric titration of 75.0 ml. of 
0.005166M He[(As04 ) 2Mo~sos4] was carried out with O.l031M NaOH. 
The solution was prepared at 0°C., and titrated immediately 
after preparation. The temperature of the solution was 
maintained at l5°C. during the titration. The results are 
shown in Fig. 17, Case (a). 
Case (b): A 75.0 ml. aliquot of 0.005166M He[(As04)2Mo~g0s4J 
was titrated with 0.1031M NaOH. This was an aliquot of the same 
solution of acid as in case (a). However, it had stood at 
room temperature for five days. The results of this titration 
appear in Fig. 17, Case (b). 
The 7.5 equivalents is about the same value obtained pre-
viously for the same acid prepared and titrated after standing 
at room temperature. 
g) The Approximate Dissociation Constants of 
H6 l(As04 ) 2Mo~s0 54]: These constants were estimated from the 
Henderson-Hasselbalch equation from the titration curve shown 
in Fig. 14, lower curve. The limits for the maximum and minimum 
values of the six classical dissociation constants of 
Figure 17 
Potentiometric titrations of 75.0 ml. samples of the 
same 0 .005166M H6 ~As04) 2 Molg0s4] solution with 0 .1031M 
NaOH solution. 
Case (a): 
Case (b): 
The acid solution prepared at 0°C. and 
immediately titrated at l5°C. 
Same acid solution titrated after standing 
at room temperature (,v25°C.) for five days. 
Ordinates: pH Meter Readings. 
Abscissae: Moles of NaOH per two gram-atoms of arsenic. 
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Hs[As04)aMo1 80s4] were thus found to lie very close together, 
between 10-2 and lo-s·s under the conditions of the 
experiment. 
h) Attempted Preparations of Heteropoly Molybdates 
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of Bi(V) and Sb(V): A New Method of Preparation of Crystalline Yellow 
Mol~dic Acid: The following method of preparing crystalline 
yellow molybdic acid, Mo0 3 "2H20, was discovered accidentally during 
unsuccessful attempts to prepare the 9-heteropoly anions of 
pentavalent antimony and bismuth. 
In the attempts to prepare an antimony derivative, 9 moles 
of freshly prepared (as in Section 2a, above) BaMo04 were 
suspended in water along with 1 mole of freshly prepared antimonic 
acid, H~b(OH)~, and,after cooling the suspension to ice 
temperature, 9 moles of H2S04 were added drop by drop. Upon 
vigorous stirring of the suspension, a yellow color developed 
in the solution, with the precipitation of barium sulfate. This 
mixture was allowed to remain cold for four days. Upon filter-
ing the yellow solution, a positive Marsh test for antimony was 
obtained, but quantitative analysis showed the solution to con-
tain only traces of antimony, because of the small solubility of 
antimonic acid in water. The same reaction carried out in hot 
solutions gave the same results. 
When solid Sb 20 3 was added to a solution of (NH4)s[Mo7024] 
and the mixture was heated, the solid dissolved. Chlorine gas 
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was then bubbled into the solution to oxidize the antimony. 
Addition of NH4Cl to this solution gave white crystals the X-ray 
powder pattern of which was identical with that of 
(NH4)s(Mo70241·4H20. 
When H[sb(OH)s} and (NH4)s[Mo~24] were boiled together 
in water, no heteropoly anion containing antimony was isolated. 
Similar experiments were carried out employing NaBi0 3 and, 
in other experiments, (C 6 H5 )sBiC0 3 , in attempts to prepare 
heteropolymolybdates of Bi(V). No such compounds were isolated. 
The nature of the yellow solution obtained when BaMo04 
was treated with H2S04 in water solution in hot or cold was 
investigated. !t was found that the yellow color of such 
solutions could be extracted into ether from a 6N H2S04 solution 
at 0°C. in a single extraction step. The yellow ether solution, 
upon extraction with pure water, transferred the yellow color 
almost completely back to the water. When the latter water 
solution was evaporated in a vacuum dessicator or when it was 
allowed to evaporate slowly at room temperature, a yellow mass 
was produced, the X-ray powder pattern of which showed no 
crystallinity. 
Yellow molybdic acid, Mo0 3 •2H20, was prepared as follows: 
Freshly prepared BaMo04 , prepared as described in Section 2a, 
above, from 100 gms. of (NH4)s[Mo70 24]·4H20 and 200 gms. of 
Ba(OH) 2 ·8H20, was suspended in 270 ml. of water and the mixture 
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was brought to ice temperature. Thirty-one ml. of concentrated 
H2S04 were added slowly to the suspension with vigorous mech-
anical stirring. After an hour's time, a yellow color had 
developed. This suspension was allowed to remain at 0°-5°C. 
for five days, and the insoluble BaS04 was filtered off. 
The yellow mother liquor was then allowed to remain at room 
temperature for two months, at which time the yellow crystals 
produced were filtered off and washed with cold water and 
ether. 
Mo Found: 
Calc.: 
Found: 
Calc.: 
53.56, 53.42 Aver. 53.49% 
53.30% 
20.00% (by difference) 
19.84% 
The yellow acid, Mo0 3 ·2H20, was identified by its X-ray 
powder pattern, which checked with that of the compound as pre-
pared by the method of Rosenheim1 • 
This compound has the properties of the yellow molybdic acid 
2 prepared by other methods • It is insoluble in cold water, 
but boiling water converts it into a white insoluble substance 
which is probably Mo0 3 ·xH20 2 • It dissolves in ammonium or sod-
ium hydroxides producing colorless solutions. 
A. Rosenheim, Z. anorg. Chern., 50, 320 (1906). 
Gmelins "Handbuch der Anorganischen Chemie", Vol. 8 
(Molybdenum), System Number 53, Berlin, Verlag Chemie, 1935, 
p. 106. 
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J. Analytical Procedures 
1. Molybdenum Analysis: In all but one case molybdenum 
was determined volumetrically by the Jones reductor methodl. 
All solutions containing molybdenum were made 2N in H2 S04 
and passed through the amalgamated zinc reductor. The effluent 
was passed into excess of ferric alum by means of a tube 
leading beneath the surface of the alum solution. The ferric 
alum was then back titrated with O.lN KMn04 , which had been 
previously standardized against sodium oxalate. A check for 
a titration blank was always made. 
In cases where nitrate or chloride ions were present, the 
solutions were first evaporated to SOs fumes. The amine in 
dimethylammonium salts was first removed by boiling, after 
making the solution alkaline with NaOH. In the guanidinium 
salts, the organic base was first destroyed by boiling in nitric 
acid and sulfuric acid solution and then heating to S0 3 fumes. 
Elements which interfere in this method were removed before 
the Mo determinations were carried out. Rhodium was removed 
after reduction to the metal by zinc, as will be described under 
Rh analysis. Chromium was removed as the[Wdrous chromic oxide2 • 
Iron was not removed, but a total Mo-Fe determination was ob-
tained and the amount of molybdenum then found after iron was 
determined as Fe 2 03 in separate samples. 
(1) 
( 2) 
I. M. Kolthoff and E. B. Sandell, "Textbook of Quantitative 
Inorganic Analysisn, Revised Edition, The Macmillan Company, 
New York, N.Y., 19~3, p. 597. 
A. I. Vogel, "Textbook of Quantitative Inorganic Analysis", 
Second Ed., Longmans, Green and Co., London, England, 1955, 
p. 452. 
The separation of pentavalent arsenic from molybdenum 
posed difficulties and for this reason it will be described 
in detail. 
Aliquots of solutions of the dimeric 9-molybdoarsenate(V) 
anion were placed in 600 ml. beakers, 100 ml. of concentrated 
1 HCl, 10 ml. of concentrated H2S04, and 3 gms. of N2H4•H2S04 
were added, and the solutions were heated on a sand bath. An 
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infrared. lamp was placed directly above the ribbed watch glass 
covering each beaker, to prevent the refluxing of AsC1 3 vapors. 
The samples were thus heated to the appearance of white S0 3 
fumes. They were cooled, 100 ml. of concentrated HCl, 5 ml. 
of concentrated H2S04 in 10 ml. of water, and 2 gms. of hydra-
zine sulfate were added to each, and the process was repeated. 
Finally, 100 ml. of concentrated HCl and 5 ml. of concentrated 
H2S04 were added and the heating was repeated until copious 
white fumes appeared. 
During this process, the temperature of the solutions 
reached ll2°C., the temperature at which AsC1 3 boils. Finally, 
the samples were cooled, diluted to 100 ml. and molybdenum 
was determined by the Jones reductor method. 
In one case only, in the solid [(cHa) 2NH2]s({As04)2Mo~g0 54]·4H20, 
molybdenum was determined by theo(-benzoinoxime method. The 
standard procedure was followed 2 after expelling the amine. The 
organic complex of Mo was ignited to Mo0 3 at 550°C., and weighed 
as such. 
(1) 
( 2~ 
H. H. Willard and H. Diehl "Advanced Quantitative Analysis", 
D. Van Nostrand Co., Inc., New York, N.Y., 1950, p. 340. 
A. I. Vogel, "Textbook of Quantitative Inorganic Analysis", 
Second Ed., Longmans, Green and Co., London, England, 1955, 
p. 439-
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2. Nitrogen Analysis: All nitrogen analyses were per-
formed by s. N. Nagy, MIT Microchemical Laboratories, Cambridge 
Massachusetts. 
3. Aluminum Analysis: Aluminum in the [Al0 6Mo60~s+nH2n]-s 
anion was determined after precipitation as the hydrous oxide 
and subsequent ignition at 1000°C.1 It was found that small 
amounts of molybdenum contaminated the precipitate, and some-
times prolonged ignition at 1000°C. was necessary to drive off 
the volatile molybdenum oxide. 
The aluminum in the aluminum nitrate solutions used in the 
conductometric titrations was determined by the 8-hydroxy-
2 quinoline method • The metal was precipitated as the oxinate 
complex and weighed as Al(C9H6 0N) 3 after heating at 135°C. 
4. Nickel Analysis: Nickel in the [NiOeMo60~s+nH2n}-4 was 
determined by the dimethylglyoxime method in the presence of 
molybdenum3. 
5. Iron Analysis: Iron in [Fe06MosO~s+nH2n}-3 was determined 
by precipitation as the hydrous oxide and final ignition to 
Fe 20 3 at 1000°C.4 It was found, as in the case of aluminum, 
that small amounts of molybdenum are present in the precipitate 
of Fe 2 0 3 ·xH2 0, and consequently the oxide must be ignited for 
sufficient time to volatilize off any molybdenum. 
(1) A. I. Vogel "Textbook of Quantitative Inorganic Analysis", 
Second Ed., Longmans, Green and po., London, England, 1955, 
p. 410. 
ibid., p. 449. 
ibid., p. 418. 
ibid., p. 408. 
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6. Chromium Analysis: Chromium in [cr0 6Mo60~s+nH2n]-s was 
determined volumetrically in the presence of Mo after oxidation 
to dichromate by persulfate ion in the presence of Ag+ ion as 
catalyst1 • It was subsequently titrated with standard ferrous 
sulfate, using oxidized diphenylaminesulfonic acid as indicatorl. 
7. Rhodium Analysis: The separation of rhodium from Mo in 
the [RhOaMoaO~s+nH2n]-3 anion and its subsequent determination 
proved difficult owing to the tendency of the rhodium metal to 
form in colloidal form upon reduction. Furman2 states that 
rhodium may be determined after reduction to the metal with zinc. 
No other conditions were specified. For this reason the following 
procedure was worked out which separates rhodium from molybdenum 
in an easily filterable form. 
Aliquots of the [Rh06Mo60~s+nH2n}-3 solution were decomposed 
with the minimum amount of NaOH and the further addition of just 
enough base to bring the Rh(OH) 3 into .solution. One-hundred ml. 
of 1M HCl were then added to each sample, and the solutionswere 
brought to boiling on a hot plate. Zinc metal dust was added 
carefully to each boiling solution until no more black Rh 
appeared to settle out. The solutions were kept hot until the 
volume of each was reduced to one-half. 
The metallic rhodium was then filtered from the hot solution. 
The .precipitate was washed with hot dilute hydrochloric acid. 
It was then placed in a previously weighed porcelain boat. The 
(1) 
( 2) 
H. H. Willard and H. Diehl "Advanced Quantitative Analysis", 
D. Van Nostrand Co., Inc., New York, N.Y., 1950, p. 234. 
N.H. Furman (Ed.,), "Scott's Standard Methods of Chemical 
Analysis", 5th Edition, Vol. I, D. Van Nostrand Co., Inc., 
New York, N.Y., 1939, p. 746. 
paper was burned off carefully, and the boat was then ignited 
at 1000°C. Fi 11 th 1 na y, e samp es were heated in an electric 
furnace in a stream of hydrogen at 750°C. and cooled in 
nitrogen gas. Rhodium was then weighed as such. 
It was found that unless 1M HCl was used, Rh became 
colloidal and any subsequent addition of acid or additional 
boiling of the solution proved inadequate to coagulate it. 
8. Phosphorus Analysis: Phosphorus in solutions of 
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Hs BP04)2Mo~80s4) was indirectly determined by analyzing for 
molybdenum1 • Aliquots of the heteropoly acid were made mildly 
alkaline with dilute ammonium hydroxide, and then the phos-
phorus was converted into the insoluble (NH4 )s[P04Mo 120ss]·xH20. 
Molybdenum was then determined in this precipitate by the 
1 
oxidation-reduction method . 
Phosphorus in ~CHs)2NH21s UP04)2Mo~sOs4]·4H20 was determined 
as Mg2P20 7 2. Dimethylamine was first removed and the phos-
phorus was precipitated out of solution as MgNH4P04 . It was 
subsequently ignited to pyrophosphate and weighed as such. 
Molybdenum does not interfere under the conditions used 2 • 
9. Arsenic Analysis: Arsenic in solutions of the salt, 
[(cHs) 2NH2] s [(As04) 2Mo~sOs4]•4H20, was determined in the 
presence of molybdenum by precipitation as MgNH4As04 and then 
(1) 
( 2) 
H. H. Willard and H. Diehl, "Advanced Quantitative Analysis", 
D. Van Nostrand Co., Inc., New York, N.Y., 1950, p. 206. 
V. I. Vogel, "Textbook of Quantitative Inorganic Analysis", 
Second Ed., Longmans, Green and Co., London, England, 1955, 
p. 434. 
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1 by ignition to Mg2As207 • Dimethylamine was removed by boiling 
with NaOH before the precipitation of arsenic. 
10. Potassium Analysis: It was found in this research that 
potassium in heteropoly compounds could be determined with ex-
cellent results by the sodium tetraphenylboron method 2 • This 
method had not been applied to heteropoly compounds before. 
Potassium in the salt K4 [Ni0 6 Moe0l8H2n]·4H20 was determined 
by passing solutions of this compound, containing the desired 
amount of K, through an anion exchange column (Dowex-1 in the 
chloride form) to remove the heteropoly anion. Potassium was 
then determined in the effluent according to the prescribed 
manner. This procedure is recommended for all potassium hetero-
poly salts the anions of which are picked up by the anion 
exchange resin. 
Potassium in K6 [(co06 ) 2Mol 0 0 24] •lOH20 was determined in the 
presence of the heteropoly anion, since it was found that the 
large anion was not removed by the anion exchange resin (Dowex-1, x 8, 
chloride form). The extent of cross-linking in the resin was 
apparently inappropriate in view of the dimeric anion's large 
size. Furthermore, the anion was partially decomposed by the 
resin. The possibility that [(coOe)2Mol 0 0 24]-e interferes was 
therefore checked. For this, two 10.0 ml. aliquots of a standard 
KCl solution were taken and 0.1890 gm. of Nas[(coOe)2Molo024}·18Ha0 
(1) 
( 2) 
H. H. Willard and H. Diehl, "Advanced Quantitative Analysis", 
D. Van Nostrand Co., Inc., New York, N.Y., 1943, p. 341. 
G. H. Gloss, Chemist-Analyst, 42, 50 (1953). 
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was added to each aliquot. This amount of dimeric sodium 
5-molybdocobaltate(III) contains the usual amount of heteropoly 
anion one would have in determining potassium in 
Ke[(coOe)2Mo~o024]. Potassium was then precipitated as 
KB(CeHs)4 in the presence of the heteropoly anion. The 10.0 ml. 
aliquotscontained, according to this analysis, 14.14 and 14.24 mg. 
of K per 10.0 ml. of aliquot. A 10.0 ml. aliquot of the standard 
KCl solution contains 14.23 mg. of potassium. It is recommended 
that in cases where the heteropoly anion is not removed by 
anion resins that the possibility of interference by the hetero-
poly anion first be checked using an appropriate salt or the 
acid. 
The standard solution of KCl used was prepared as follows: 
"Baker's Analyzed Reagent" KCl was dissolved in water and the 
solution was filtered through a "fine porosity'' sintered-glass 
crucible. It was then precipitated from a 20% HCl solution, 
filtered, washed with 20% HCl, dried, and finally heated to 
melting at 800°C. in a platinum crucible, to expel traces of 
occluded water. 
A solution of KCl was then prepared calculated to contain 
14.23 mg. of potassium per 10.0 ml. of solution. Analyses for 
potassium in two 10.0 ml. aliquots by the tetraphenylboron 
method showed the presence of 14.26 and 14.25 mg. of K/10.0 ml. 
of solution, the expected value being 14.23 mg. 
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11. Lithium Analysis: Lithium in Lie[(coOe) 2Mol 0 0 24]·16H20 
was determined indirectly. Solutions of dimeric lithium 
5-molybdocobaltate(III) were passed through the potassium form 
of a cation exchange resin (Amberlite IRC-120; Rohm and Haas Co.), 
and the resulting Ke[(coOe)2MOJ.o0 24] solution was then analyzed 
for potassium by the tetraphenylboron method. The lithium content 
was based on the amount of potassium found. 
12. Water Analysis: The total water contents of several 
hydrates of the sodium salts of the 6-heteropolymolybdates, such 
as Na 3 [Al0 6 Mo 6 0J.s+nH2n] • (14-~) H20, wer,e determined by igniting 
2-3 gm. samples of these salts at 550°C. At this temperature, 
the salts decompose completely. In all cases, the amount of water 
found was in very good agreement with the expected value. In 
all these cases, the hydrates had been analyzed previously for 
all elements except oxygen. It was found that only water was 
lost on ignition. 
In the dehydration experiments water was determined by 
analyzing for either Mo or the central atom, as indicated. 
13. Sodium Analysis: Sodium was analyzed by the triple 
acetate method and weighed as sodium magnesium uranyl acetate. 
All precautions specified in the literature were taken in order 
to avoid errors caused by the large solubility of the sodium 
precipitate in water1 • 
(1) V. I. Vogel "Textbook of Quantitative Inorganic Analysis", 
Second Ed., Longmans, Green and Co., London, England, 1955, 
p. 482. 
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All samples were passed through Dowex-1 resin,the chloride 
form,to remove the heteropoly anion. In the case of the 
[FeOaMoaO~s+nHzn]-3 and [AlOaMoaO~s+nHzn]-3 anions, decomposition 
of these species by the resin was observed as could be easily 
ascertained by the brown and white bands of iron oxide and of 
aluminum oxide present at the top of the resin. Sodium was 
then determined in the effluents obtained. In the case of 
Naa[(coOa)zMo~ 00 24], the anion was not removed from solution, 
and sodium was precipitated in the presence of it. Qualitative 
tests showed that the anion does not interfere as it gives no 
precipitate with the reagent. 
The results of the sodium analyses obtained were consistently 
low. The method was therefore checked vs. standard NaCl. 
A saturated solution of "Baker Analyzed'' NaCl was prepared 
and filtered through a fine porosity sintered glass filter. 
NaCl was then precipitated with concentrated HCl, filtered and 
washed with it. After drying, the NaCl was melted and ignited 
at 825°C. in a platinum crucible. Several five ml. aliquots 
each containing 9.433 mg. of Na were taken from a standard 
solution of NaCl and sodium was determined. The following values 
in mg. of Na/5.0 ml. of standard solution were obtained: 
9.110, 9.106, 9.243, 9.135, 9.197, 9.188. The average is 9.16 mg. 
of sodium per 5.0 ml. of solution. These results are about 
3% low. 
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14. Cobalt Analysis: Cobalt was determined by the pyridine 
1 thiocyanate method . This method was checked using very pure 
cobaltous sulfate. 
Cobalt in the (coOeMoeO~s+nH2n]-s and ((co0 6 ) 2Mo~ 00 24]-6 
was estimated as follows: Samples of salts of these anions 
containing from 0.06 to 0.1 gm. of cobalt were dissolved in 
100 ml. of water and the solutions were brought to boiling. 
6M NaOH was then added dropwise to the hot solutions until 
solutions were slightly basic. If precipitations of Co(OH) 3 are 
carried out under these conditions, the Co(OH) 3 easily separates 
from solution. It can then be filtered off quite easily. 
S and S 589 "black ribbon" paper was used, and the precipitate 
was washed with hot 1% NaOH solution. It was then dissolved 
in hot concentrated HCl in the presence of a few crystals of 
Na 2S0 3 and Co was then determined as described in the literature2. 
It was found that the [co(py) 4](scN) 2 (py =pyridine) 
precipitate does not become dry enough in a 10 minutes period, 
as specified by Vogel, but it requires a period of at least 
7 hours. The wet samples of (co(py)4}(SCN) 2 have the smell 
of pyridine when wet, but when completely dry they have no odor 
at all. Samples can be kept in a vacuum dessicator for 2 1/2 
days after drying, without any loss of weight, and hence without 
(1) 
( 2) 
V. I. Vogel "Textbook of Quantitative Inorganic Analysis", 
Second Ed., Longmans, Green and Co., London, England, 1955, 
p. 463. 
ibid., p. 482. 
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decomposition. However, when these samples are allowed to 
stand in the open ror two to three hours, the odor or pyridine 
becomes noticeable, because of decomposition. For this reason, 
the precipitates were allowed to remain under vacuum overnight 
before weighing. 
The CoS04 used to check this method was Merck Reagent Grade. 
It was further purified as follows: Twenty gm. samples of 
CoS04 "7H2 0 were each dissolved in 200 ml. of water, and each 
solution was filtered through a "fine porosity" sintered-glass 
funnel. The CoS04 was then precipitated out by the addition of 
200 ml. of 95% ethanol. It was filtered off and washed several 
times with a 50-50 (by volume) ethanol-water solution. The 
precipitation process was carried out three times. The CoS04 
was then dried and heated at 520°C. for 5 hours. The temperature 
never exceeded 520°C. The anhydrous CoS0 4 had a pink-violet 
color and it was completely soluble in water to give a pink 
solution. 
Samples, weighing 0.2 gm. each, were tested quantitatively 
for nickel(II) ions, by adding enough dimethylglyoxime to 
complex all the cobalt. The samples were filtered through 
weighed crucibles. No nickel was found to be present. 
Five samples of the CoS04 , purified as indicated above, 
(about 0.2 gm. each) were used to check the method. Two of these 
samples contained 1.43 gms. of recrystallized (NH4)e[Mo70 24]·4H2 0 
each, to give a Co:Mo ratio of 1:6. Three per cent H20 2 solution 
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was added, and the resulting solution was boiled to oxidize 
the co+2 to co+3 in the presence of[Mo70 2~-e ions. The cobalt 
was then separated out of solution as the black Co(OH) 3 , 
and then determined as the (co(py) 4] (SCN) 2 , as already 
described. 
Below are the results of this analysis: 
Wt. of CoS04 
taken Wt. of % Co %Co in 
gms. (co(;eY}41 (SCN} 2 Found CoS04 (theoretical} 
0. 2423 0.7627 37.75 38.03% 
0. 2096 0.6588 37.70 
0. 2200 0.6923 37.74 
0.1987 0.6259 37.78 
0.2096 0.6569 37.71 
The average of Co found is 37.74%, hence, it was assumed 
that this method gives results 0.77% low. 
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K. Radioisotope Exchange Experiments 
1. Isotopic Molybdenum(VI) Exchange Reactions Between 
6-Heteropolymolybdate Anions and Labeled Paramolybdate Anion: The 
following experiments were carried out for the purposes already 
explained in the Introduction (Chapter I, Section Bl). 
The isotopic Mo(VI) exchange reactions between labeled 
paramolybdate ion, ~o799o24]-6 , and the anions [crOeMoeOl5+nH2n]-s 
and [FeOeMo6 0l5+nH2n]-s are described immediately below. 
a) Choice of Reagents: Because the ammonium salts of 
the heteropoly anions in question have relatively small solubilities 
on a molar basis, the pure sodium salts were employed. These 
new salts had been prepared for this and the other investigations, 
as already described (Chapter II, Section A). These sodium salts 
were: Nas~r06MoeOl 5+nH2n]·8H20 and Nas[FeOeMoeOl5+nH2n]·lOH20. 
They are monomeric in solution as already shown (Chapter II, 
Section E) • The fact that the anions are monomeric in the 
crystalline state has also been shown subsequently1 • 
Stock solutions of the desired concentration were made up by 
dissolving the weighed amount of completely analyzed solid salt 
and diluting to the appropriate volume. Ammonium paramolybdate, 
(NH4 )e(Mo7 0 24]·4H20, was used as the source of the paramolybdate 
anion. Since the commercially available reagent grade contains 
small amounts of insoluble matter (probably including Mo0 3 ), the 
( 
I 
ammonium paramolybdate was purified in the manner already described~ 
(1) M. Shibata and L.C.W. Baker, Abstracts of Papers Presented 
before the Division of Inorganic Chemistry,National Meeting, 
Am. Chern. Soc., New York, September 1960. 
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in this Chapter (Section C,2). Solutions of this purified 
salt dissolved in water to give perfectly clear solutions which 
showed no turbidity even after standing for months. 
In cases where concentrated solutions were required, the 
presence of ammonium ion was avoided by employing sodium 
paramolybdate, which was prepared in solution by acidifying a 
Na2Mo04 solution to pH 4.5 with perchloric acid. In the ex-
periments at higher concentrations, the presence of ammonium 
ion was not permissible since it caused partial precipitation of 
the heteropoly anions. The concentration of solutions of 
paramolybdate ion was determined by analyzing for molybdenum by 
the Jones Reductor method. 
The Mo Isotope Used: Mo99 (half-life of 67.0 hours) was ob-
tained from Oak Ridge National Laboratory as (NH4) 2Mo04 in 
ammonium hydroxide solution. The pH of the various samples of 
these solutions was specified to be in the vicinity of 7. Stock 
solutions of this isotope were prepared by acidification to the 
desired pH with perchloric acid or nitric acid. 
Counting of Mo99: The decay scheme of Mo99 is as follows: 1 
Q. JC >-
67 hrs. 
Tc 9 9 -----;/:..:::.-3--=5-----::.,._ 
2.21 x 10 yrs. 
Ru 99 (stable) 
(1) G. Friedlander and J. W. Kennedy, "Nuclear and Radiochemistry", 
Revised Ed., John Wiley and Sons, Inc., New York, N.Y., 1955, 
p. 424. 
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As indicated in this scheme, Mo99 is in transient equilibriuml 
with its shorter-lived daughter, Tc99m, where both parent and 
daughter isotopes decay at the same rate. For this reason, all 
samples containing the Mo99 isotope which were subjected to 
any chemical treatment or separation were counted only after a 
lapse of at least 24 hours, so that radioactive equilibrium could 
be restored. 
Scintillation counting was used. Thus only the gamma radia-
tion of Mo99 (energies from 0.04 to 0.78 Mev.) and Tc 99m (energy 
of 0.14 Mev.) was counted. The counting equipment consisted of 
a Scaler unit (Atomic Instruments, Inc., Model 1040A) provided 
with a Single Channel pulse height analyzer (Baird-Atomic, Inc., 
Model 510) and a stable scintillator power supply (Baird-Atomic, 
Inc., Model 512). The well-type thallium chloride activated 
sodium iodide crystal employed as scintillator, equipped with 
scintillation detector (Baird-Atomic, Inc., Model 810), permitted 
virtually 100% counting geometry and about 30% counting efficiency 
in all counting. Only relative counting was done in these ex-
periments. 
A standard Mo99 sample was always used in each experiment. 
All samples were corrected for background and decay. In one case, 
the purity of the isotope was checked by following the decay 
of Mo99 received from Oak Ridge for a period of three half-lives, 
obtaining a half-life of 67.0 hours in agreement with the expected 
value of 67.0 hours for this isotope2. 
(1) G. Friedlander and J. W. Kennedy, 11Nuclear and Radiochemistry11 , 
Revised Ed., John Wiley and Sons, Inc., New York, N.Y., 
1955, p. 130. 
( 2) ibid . , p . 4 24 • 
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c) The Separation of Reactants: The search for a 
method of separation of the heteropoly anions (cr0 6 Mo 6 0 1 s+nH 2 n]-3 
and [Fe06 Mo6 0 1 s+nH2 n]-3 from [Mo70 2 4}-6 anion proved tedious, 
because these anions have about the same size. The ion exchange 
method could not be applied in this case because: (a) both 
the 6-molybdochromate(III) and paramolybdate anions are removed 
by anion exchange resins (Dowex-1, chloride form); (b) the 
6-molybdoferrate(III) anion is partially decomposed by the 
resin; and (c) the rather slow rate of separation of pairs of 
negatively charged ions by ion exchange techniques makes it 
impossible to ascertain the rates of exchange reactions which are 
complete or essentially complete within the time of mixing the 
reactants. Some of the reactions in this study were in that 
category. 
For these reasons, a separation method via precipitation of 
one of the reactants was sought. Over thirty precipitating agents 
were tried under the conditions of pH and temperature of the 
experiments. These included several coordination compounds, 
various aromatic and aliphatic amines, and many metal cations. 
Isobutylammonium chloride, [(cH3 ) 2CHCH2NH~Cl, was found to 
precipitate the 6-molybdochromate(III) and 6-molybdoferrate(III) 
anions under the conditions employed in the exchange reactions, 
leaving behind in solution the [Mo 702 41-6 anion. Solutions of 
isobutylammonium ion and paramolybdate ions did not produce a 
precipitate or turbidity even upon standing for three days. No 
precipitate formed at the pH's, concentrations, and temperatures 
used in the exchange experiments. 
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Colorimetric determination for Mo in the supernatant liquid, 
by the thiocyanate method1 , showed that the [cr06 Mo 6 0 2s+nH 2 n]-s 
and ~eOeMoe02s+nH2n]-s were 99% precipitated when enough of a 
50% by weight isobutylammonium chloride solution was added to 
make the final solution about 20% isobutylammonium chloride by 
weight. The isobutylammonium 6-heteropolymolybdates were washed 
with a 20% isobutylammonium chloride solution, since these 
precipitates are appreciably soluble in pure water. 
It was found that dicyclohexylammonium ion quantitatively 
precipitated paramolybdate ion and did not precipitate the 
6-heteropoly molybdates under consideration from separate solu-
tions. However, the physical characteristics of the slimy 
precipitate were such that it proved to be impossible to use this 
reagent to separate the two anions from the same solution without 
considerable occlusion in the precipitate. Efforts to develop a 
satisfactory separation based on this precipitation were unsuccess-
ful. 
Method: The radioisotopic experiments employing Mo99 were 
carried out in the following manner: 
Equal volumes (20 to 50 ml.) of the reactant solutions, each 
therefore being initially of concentration twice as great as 
would be obtained after mixing, were adjusted to the same desired 
pH value, using a pH meter while adjusting the pH's to the same 
value within 0.01 pH unit. These solutions were then separately 
(1) V. I. Vogel, "Textbook of Quantitative Inorganic Analysis", 
Longmans, Green and Co., Ltd., London, 1955, p. 653. 
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equilibrated (2-3 hours) to the desired temperature in a water 
bath thermostated within 0.02°C. of the reaction temperature. 
In all the experiments, an amount of labeled [Mo 7 99o 24 ]-6 solution 
containing a known number of total counts per minute of Mo99 
was added to the inactive [Mo 7 0 24 J-e solution before equilibrating 
to the desired temperature. The known concentrations were such 
that the total concentrations attained the desired values. The 
amount of isotope added in each run was such that a sufficient 
amount of tracer would appear in the separated heteropoly species. 
Thus, all samples were of sufficient appropriate concentrations 
to give a minimum of 8000 counts per minute. 
After equilibration of the reactants to the desired tempera-
ture, the two reactants were quickly mixed, this being called 
the zero time of mixing. The rate of appearance of Mo99 in 
the [xo 6Mo60~s+nH2n]-s (X = Cr or Fe) was then followed by with-
drawing 2.00 ml. aliquots of the solution at definite time 
intervals, placing them in 10 ml. capacity plastic test tubes 
and precipitating out of solution all the heteropoly anion as the 
isobutylammonium salt. The precipitates were centrifuged out 
of solution. The supernatant liquid was decanted off. The 
microcrystalline precipitate was washed with 20% isobutylammonium 
chloride solution, with stirring of the precipitate, each washing 
was followed by centrifugation and subsequent decantation of the 
supernatant liquid. The washing of the precipitate was repeated 
three more times. 
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In some of the initial experiments, the inactive reactants 
were mixed first, equilibrated to the desired temperature and 
then the isotope was added, this being called zero time of 
mixing. All runs were made in duplicate. The temperature was 
controlled to 0.05°C. The experiments at 0°C. were carried out 
with the reaction vessels immers~d in Dewar flasks containing 
an ice-water mixture. 
These experiments were carried out under as reproducible 
conditions as possible, i.e. mixing of the reactants, withdrawing 
of samples, adding the precipitating agent, etc. were all done 
in a standardized manner. For this reason, several "cold" 
runs were carried out to establish the procedure. 
1 No heterogeneous exchange was found to occur between the 
precipitated heteropoly salt and the supernatant paramolybdate 
solution. This was ascertained by adding an inactive [Mo7 0 24 ]-e 
solution over solid isobutylammonium 6-molybdochromate(III) 
labeled with Mo99. The solution contained about the same amount 
of amine hydrochloride as was normally present in these pre-
cipitation reactions. The supernatant [Mo~ 24)-e solution showed 
no appreciable counts above background after the mixture stood 
for one hour. This established the absence of any exchange 
between the precipitated heteropoly anion and the supernatant 
labeled paramolybdate solution during the centrifugation 
period. 
(1) R. J. Prestwood and A. C. Wahl, J. Am. Chern. Soc., 71, 
3137 (1949). 
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The radioactive exchange data obtained in these experiments 
were found to obey the exponential exchange law1 ,2 applicable 
for the general equation for an isotopic exchange reaction 
designated as 
AX + xf ~~---_-_.,~ Axf + X . 
This rate law is: 
R = 2.303 
t 
ab log (1-F) 
a + b 
where R is the rate of exchange of X and a = ~X + Axf], 
(1) 
b = [x + xt], and F is the fraction of exchange at time t. This 
fraction, F, is a measure of the extent of the exchange of the 
radioactive atoms and approaches an equilibrium value of 1.0. 
The fraction exchanged, Fin equation (1), may be expressed as 
F = Xt/X00 , where Xt is the activity which has appeared in AX 
at time t, a value measured experimentally, and x00 is the 
expected value at equilibrium, or, practically speaking, when the 
exchange is complet1for isotopes of reasonably large atomic 
weight. The value of X00 is calculated from the concentrations 
of the reacting species and the total amounts of them present in 
the solution3. 
Since the half-time, t1;2, of an exchange reaction occurs 
when F = 0.5, substituting in equation (1) tl/2 for t and 0.5 for 
F, the following equation is obtained: 
(3) 
H.A.C. McKay, Nature, 142, 997 (1938). 
G. Friedlander and J. w:-Kennedy, "Nuclear and Radiochemistry", 
John Wiley and Sons, Inc., New York, 1955, p. 315. 
ibid., p. 316. 
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R = ab 
a + b 
(2) 
It is seen from equation (1) that a semi-logarithmic plot 
of (1-F) against time should give a straight line passing through 
1.0 at zero time. 
In the radioisotopic exchange reactions carried out in this 
research, semilogarithmic plots were constructed, using the 
experimental values of Xt and the calculated value of x00 • The 
values for (1-F) were then plotted versus time. 
The straight-line plots obtained do not extrapolate to zero 
exchange at zero time in most cases, a quite small amount of 
induced exchange being indicated. The half-time may be read from 
each graph by ascertaining the t at which the (1-F) value is 
one-half of the (1-F) value at zero time. Alternatively, the 
theoretical exchange line, passing through zero exchange at 
zero time may be drawn parallel to the experimental exchange 
line. The t value read from the theoretical line when (1-F) = 
0.5 is also the tl/2· 
In cases where exchange was complete, the value of Xt at 
equilibrium was identical with that of x00 . 
e) Results: The data for the exchange of Mo99 be-
tween paramolybdate ion and 6-molybdochromate(III) anion are 
given in Table 2. Those for the exchanges between the paramolyb-
date and 6-molybdoferrate(III) anions are shown in Table 3. 
Table 2 
Data for the Isotopic Exchange Reaction: 
Duplicate runs were made for all sets of experiments, with 
excellent agreement. 
Set of 
Experiments 
1. 
2. 
3. 
4. 
5. 
6. 
0.243 
0.231 
0.233 
0.231 
0.231 
0.233 
pH of 
Solu-
tion 
0.00608 4. 50 
0.231 
0.233 
0.0152 
0.0152 
0.0152 
4.50 
4.50 
3.40 
4.75 
2.50 
Temp. 
in 
oc. 
30.0 
29.6 
29.5 
29.5 
% 
Exchange 
Complete in less 
than 0.5 minute, 
i.e. before op-
erations of sep-
aration could be 
carried out. 
II 
II 
II 
50% 
50% 
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.-vl min. 
35 min. 
fThese concentrations are expressed in gram-atoms of Mo per liter 
of solution. 
The results of Set of Experiments No. 6 are shown in Fig. 18, 
whereon the data for two duplicate runs are plotted. 
Figure 18 
Isotopic exchange reaction between 0.233M (in Mo) 
(crOsMosO~s+nH2n]-3 and O.Ol52M (in Mo) [Mo799o24]-s at 
0°C., pH = 2.50. Half-time, tl/2, of reaction 35 min. 
Ordinate: 1-Fraction Exchanged 
Abscissa: Time in minutes. 
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Table 3 
Data for the Isotopic Exchange Reactiont · 
Duplicate runs were made for each. set of Experiments, with 
excellent agreement. 
[FeOeMoeO~s+nH2nJ-s 
~-~ 
A 
+ 
Set of 
~~~~~i- (A l f (B 1 f 
7. 0.240 0.00608 
8. 
g. 
10. 
11. 
0.233 
0.231 
0.233 
0.233 
0. 211 
0.0150 
0.0152 
0.0152 
[Mo799o24]-e 
'------...-.,--______....-' 
B 
pH of 
Solu-
tion 
4.50 
4.40 
2.50 
2.51 
2.50 
Temp., 
oc. 
29.8 
29.5 
29.5 
29.5 
Rate of Reaction 
Complete in less than 
0~5 minute, i.e. before 
operations of separa-
tion could be carried 
out. 
II 
II 
II 
80% complete in less 
than 1 minute. 
fThese concentrations are expressed in gm.-atoms of Mo p~r liter 
of solution. 
As an additional check in each case (Tables 2 and 3) where ex-
change was complete and rapid, two additional samples were withdrawn 
and processed one hour after the first sample which had indicated 
complete exchange. In all cases no further change h,ad occurred. 
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2. Isotopic Cr(III) Exchange Reaction Between 
6-Molybdochromate(III) Anion and the Hexaaquochromic Ion: The 
reaction investigated is shown by the equation: 
The experiments described below were carried out for the purpose 
of ascertaining the rate of appearance of the Cr 5 ~ isotope in 
the heteropoly anion. The information obtained from this study 
will be explained in the Discussion (Chapter III). 
a) Choice and Preparation of Reagents: The very pure 
analyzed sodium 6-molybdochromate(III), Nas[Cr06Moe0~ 5+nH2n]·(8-n)H20, 
was used as the source of the 6-molybdochromate(III) anion. It 
was shown in preliminary experiments that the relatively poor 
solubility of the ammonium salt of this anion did not permit 
sufficient variation in the concentration of the heteropoly react-
ant in these experiments. 
Stock solutions of sodium 6-molybdochromate(III) of the desired 
concentrations were prepared by weighing out the required amounts 
of the completely analyzed heteropoly salt and diluting to the 
appropriate volumes in volumetric flasks. These stock solutions 
were made up containing the necessary amount of sodium perchlorate 
to provide the desired ionic strength. For this, pure anhydrous 
NaC104 was prepared according to the literature1 from reagent 
grade NaCl04 ·H2 0 and the necessary amount of the salt was added to 
the sodium 6-molybdochromate(III) solution before dilution to the 
desired volume. 
(1) A . .J. Walker in .J. N Friend (Ed.) , "Textbook of Inorganic 
Chemistry", Vol. II, Charles Griffin and Company, Ltd., 
London, England, 1924, p. 105. 
152 
The chromic perchlorate solutions of the desired concen-
tration of chromic ion and hydrogen ion concentration were 
prepared as follows: Reagent grade potassium dichromate was 
finely ground and dried at 120°C. for two hours. Stock 
solutions of Cr(Cl04 ) 3 of the desired concentration of chromic 
ion were prepared by weighing out the necessary quantity of 
KaCra07• Thedesired amount of hydrogen ion in these solutions 
was fixed by adding to the K2 Cr 2 07 the calculated volume of a 
solution of HC104 the molarity of which had been obtained by 
titration with standard NaOH solution, including in the portion 
of acid the number of additional,moles of HC104 required by the 
equation: 
A twentyfold excess of 30% H20 2 was employed, and the 
solutions were each boiled for 1 hour to destroy the excess H20 2 • 
The last traces of hydrogen peroxide were decomposed by boiling 
the solutions on platinum black. The solutions were then cooled 
and allowed to stand at 0°-3°C. overnight, the insoluble KC104 
was filtered off and washed with a small amount of ice-cold 
water. The solutions were then diluted to the proper volume. 
Portions of all chromic perchlorate solutions were tested for 
undecomposed peroxide by treating the chromic ion solutions with 
iodate-free iodide ion and extracting the color into carbon 
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tetrachloride. No positive test for I 2 was obtained, indicating 
the complete absence of H20 2 • Blanks were run in all cases, 
as a check. The pH's of these solutions were measured, with a 
pH mete~ as an additional check. 
b) The Hydrolysis of the [cr(H20) 6}+3 Ion: The 
[cr(H20)e]+s ion is known to hydrolyze, producing hydrogen ion 
according to the following equation1 ' 2: 
+ (3) 
The total hydrogen ion concentration present in Cr(Cl04 ) 3 
solutions in HC104 consists of the [H+] from perchloric acid plus 
the concentration of hydrogen ion resulting from the hydrolysis 
of the aquated chromic ion. However, the hydrolysis of this cation 
is repressed by the perchloric acid. 
It was therefore necessary to estimate the first hydrolysis 
constant, Kh, for reaction (3) at 29.5°0. and total ionic strength, 
/~' of 0.446. For this, the data of Postmus and King1 specify-
ing the first hydrolysis constant at three ionic strengths and 
four temperatures were used to estimate the value of Kh at 29.5°0. 
and /A- = 0 .446. 
For each temperature (94.6°, 84.8°, 73.7°, and 63.6°0.) the 
Kh values were plotted versus ~1/2 and the values of Kh at 
/<- = 0 .446 were ascertained. This /( lies between and near to the 
values of;V given by Postmus and King. The value of Khat 29.5°C. 
C. Postmus and E. L. King, J. Phys. Chern., 59, 1208 (1955). 
K. Emerson and W. M. Graven, J. Inorg. Nuclear Chern., 11, 
309 (1959). 
• 
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was then obtained by plotting log Kh vs. 1/T (a straight line) 
and obtaining Kh at 29.5°C. by extrapolation. These data are 
given in Table 4. 
Table 4 
Calculated Values, at Different Temperatures, for the First 
Hydrolysis Constant, Kh, of Hexaaquochromic Ion at ~~= 0.446. 
/ 
Temperature, oc Calculated Kh 
94.6 2.46 X 10-3 
84.8 1.68 X 10-3 
73.7 1.03 X 10-3 
63.6 7-9 X 10-4 
29.5 1.4 X 10-4 
The value of Khat 29.5°C. calculated above is in good agree-
ment with those obtained by other investigators at this tempera-
ture vicinity. These are listed in the papers of Postmus and 
King1 and of Emerson and Graven2 • 
Calculation of .the Fraction of[Cr(H20)Jt3 Hydrolyzed in the 
Presence of HC104 : Consider only the reaction: 
+ 
and omit any further ionization and formation of any polynuclear 
species such as [cr(H20) 6 -n(OH)n]+3 -n (n>l) or 
[crp(H20)q(OH)r]+ 3 p-r (p,.:>l). 
C. Postmus and E. L. King, J. Phys. Chern., 59, 1208 (1955). 
K. Emerson and W. M. Graven, J. Inorg. Nuclear Chern., 11, 
309 (1959). 
Then consider: 
where:-
= 
= 
= 
= 
Therefore 
= 
+ 
total concentration of Cr(III) 
fraction of Cr(III) hydrolyzed 
according to equation 3. 
concentration of HC104 in 
Cr(Cl04 ) 3 solution 
equilibrium constant of 
reaction (3). 
cx'(;:XCcr + ho) 
1 - o< 
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(3) 
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From this equation the fraction ionized, o(, was computed 
from the above equation at the particular HG10 4 concentrations 
used in these experiments. The total Gr(III) concentration used 
in these calculations was 0.02M. These results are given in 
Table 5. 
Table 5 
The Degree of Hydrolysis of 0.02M Gr(H2 0) 6 +3 at Various Total 
Hydrogen Ion Concentrations 
[HGlO~, 
ho, 
moles/ 
liter 
0.0860 
0.0551 
0.0109 
( H + }, ,--.:Gcr, 
from 
hydrolysis, 
moles/liter 
2.4 x 10-4 
h 0 + -=(Gcr 
moles/liter 
0.0860 
0.0552 
0.0111 
Fraction 
Hydrolyzed,D<" 
1 5 10-3 • X 
4.5 X 10-3 
1.22 X 10-2 
It is quite obvious from these data that the hydrolysis 
of chromic ion may be omitted in estimating the acidities em-
ployed in these experiments. 
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c) The Cr Isotope Used: Cr5 ~ was obtained from 
Oak Ridge National Laboratory in the form of CrC1 3 in HCl solu-
tion. The color of the solutions was green. The octahedral 
hexaaquochromium(III) ion, (cr(H20) 6]+3 , is violet but aqueous 
1 
solutions of chromic salts are often green as a result of 
replacement of water molecules in the complex by the anions 
present. In the present case the green color is characteristic 
of (cr(H20) 5 c1]+2 and [cr(H20) 4 Cl 2}+.1 
To obtain pure [cr 5 ~(H20) 6]+3 species, the isotope solution 
was processed by a modification of the method of Anderson and 
Bonner2 • Cr5 ~Cl 3 was treated with 72% HC10 4 and the solution 
was heated carefully until perchloric acid fumes appeared 
(elimination of chloride). At this point the solid red Cr0 3 
was obtained. After dilution with water the chromic acid was 
extracted into ethyl ether from an acidic ice-cold H202 solution 
as the blue Cr0 5 • After back extraction with dilute ammonia it 
was fumed with nitric and perchloric acids to destroy the 
ammonium ion. It was finally reduced to Cr(H20) 6 +3 with hydrogen 
peroxide. The excess H20 2 was destroyed with platinum black. 
Solutions prepared in this way were found to be free of per-
oxide. 
(1) 
( 2) 
N. V. Sidgwick "The Chemical Elements and Their Compounds", 
Vol. II, The University Press, Oxford, 1950, pp. 1009, 
1012. 
A. Anderson and N. A. Bonner, J. Am. Chern. Soc. 76, 3826 
( 1954) . 
Counting of Cr5 ~: This isotope decays via electron 
capturel, emitting X-rays and gamma rays (0.32 Mev.). It was 
found in preliminary experiments that irreproducible results 
were obtained in preliminary scintillation counting. This was 
caused by the absorption of the very low energy X-rays produced 
by electron capture. For this reason, a pulse height analysis 2 
for Cr5 ~ was performed. The method was standardized versus a 
Cs~ 37-Ba~ 37 standard (Baird-Atomic, Inc.) which possesses 
2 
a single X-ray energy of 0.662 Mev . Thus, only the gamma 
radiation above 0.145 Mev. was counted by proper selection. 
d) The Exchange Experiments: Solutions containing 
each of the reactants, i.e. [cr06Mo60~ 5+nH2n]-s and [cr(H 2 0) 6}+3 
were equilibrated separately at the desired temperature in a 
thermostated bath. The temperature was controlled within 
0.05°C. The [cr(H20) 6]+3 solution contained a certain amount 
of [ Cr5 ~ (H2 0) e} +3 of known counts. 
Since equal volumes of reactant solutions were to be mixed, 
the concentratio~of heteropoly anion and of hydrated chromic 
ion were, before mixing, each double the final concentration 
at which the exchange was to be measured. The heteropoly 
reactant solution also contained, as explained above, exactly 
the correct amount of NaCl04 to make the final ionic strength 
0.446 after the solutions were mixed. Similarly, the chromic 
perchlorate solution contained the calculated desired amount of 
(l) 
( 2) 
G. Friedlander and J. W. Kennedy, "Nuclear and Radiochem-
istry", John Wiley and Sons, Inc., New York, N.Y., 1955, 
p. 418. 
ibid.' p. 24 3. 
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HC104 • Beside the heteropoly anion, the only anionic species 
present was Cl04 • The pH's of identical non-radioactive 
solutions were taken with a pH meter, after mixing, in several 
cases as an additional check on the H+ concentration. These 
pH results, which correspond closely with the predicted values, 
are given below with the other data. 
The reactants were quickly mixed, this being taken as zero 
time of reaction. After the solutions were mixed, two-ml. 
aliquots were withdrawn at intervals. These were placed in 
10 ml. capacity plastic test tubes and the 6-molybdochromate(III) 
anion was precipitated by the dropwise addition of pure 1M 
~o(en) 3]Cl 3 solution (en= ethylenediamine). The solutions 
were then centrifuged, the insoluble microcrystalline 
[co(en)s}[crOeMoeO~s+nH2n}·XH20 separating nicely out of solu-
tion. The supernatant liquid containing the [cr(H20) 6 ]+3 
ions was decanted off. The precipitate was then washed with 
dilute perchloric acid solution of the same concentration as 
that existing during the exchange reaction. The wash HC104 
solution also contained a few drops of O.lM ~o(en) 3]Cl 3 
solution. The precipitatewas washed four times. The samples 
were then counted long enough to give at least 10,000 counts. 
All counts were corrected for background and decay, the latter 
being estimated by counting an unreacted sample whenever a count 
was taken. 
• 
The completeness of the precipitation of the heteropoly 
anion by [co(en) 3}+3 was checked by analyzing supernatant 
liquids for molybdenum. The precipitation is quantitative. 
(cr(H2o)J+3 gives no precipitate with [co(en) 3 }+3 • 
1~ 
To insure that no exchange of Cr5 ~ occurred between the 
6-molybdochromate(III) and the [cr(H20) 6]+3 ion during the 
centrifugation process, a test for heterogeneous exchange was 
made. [co(en)s}[cr 5 ~0 6Mo60~s+nH2n]·XH20 was prepared, and an 
inactive solution of (9r(H20) 6 ]+3 in O.lM HC104 , containing 
the amount of [co(en) 3 }+3 normally used in the precipitation 
process, was added. This mixture was allowed to stand for an 
hour. No counts above background appeared in the supernatant 
solution. 
The half-time of each separate reaction was obtained by 
plotting (1-F) versus time on semilogarithmic paper and noting 
the time, t1j2, for which the reaction had proceeded 50% to 
completion. Allowance was made for induced exchange as ex-
plained previously. These plots are reproduced, showing in 
each case duplicate runs with excellent agreement, in Figs. 
19-35. The rateR, was then obtained from the expression 
R = (ab/a+b) 0.693/tl/2, as already explained. These results 
are compiled in Table 6. The concentrations were chosen with 
regard to elucidation of the kinetics of the exchange reaction, 
as will be explained in the Discussion (Chapter III). 
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Table 6 
Data for the Isotopic Exchange Reaction 
(Duplicate runs were made for all sets of experiments,with ex-
cellent agreement). 
[crOeMoeO~s+nH2~]-s + 
"-- --· . . ---y·-..._ . 
A 
(crsl. (H20) e ]+s 
...... -~ 
B 
Temp. 29.5 °C., r = 0 .446, HCl04 added = 0 .0860 moles per liter. 
~]and [B] are in gm.-atoms of Cr per liter of solution. 
Set of 
Experiments 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
0.0400 
0.0200 
0.0200 
0.0200 
0.00500 
0.00800 
0.0500 
0.0100 
0.0100 
0.0100 
0.0100 
0 .0300 
0.0500 
0.0100 
0.0100 
0.0200 
0.0400 
0 .0200 
0.00200 
0.00500 
0.0400 
0.0100 
0.0100 
0.0300 
0.0400 
0.0500 
0 .0300 
0.00500 
0.0200 
0.005 
Rate, R, in 
t1,12, min. moles/liter/min. 
14 6.60 X 10-4 
15 6.15 x 10-4 
18 3.85 x 10-4 
5 2.52 x 10-4 
18.5 0.936 X 10-4 
20 2.31 X 10-4 
5.5 10.5 X l0-4 
16.5 2.10 X 10-4 
17.5 2.97 X 10-4 
18.5 2.99 x 10-4 
17.3 3.34 X 10-4 
11.5 9.04 x 10-4 
4.3 7.31 x 10-4 
22 2.10 X 10-4 
11.7 1.97 X 10-4 
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In order to determine whether the reaction rate is pH-
dependent, additional experiments were performed using conditions 
identical to those of Set of Experiments No. 12 (Table 6), 
except that the [H+} was adjusted to different values. The 
results of these measurements are given in Table 7. The range 
of (H+] was limited to that selected because at higher pH the 
hydrolysis of [cr(H20) 6 }+ 3 becomes significant, accompanied by 
the formation of non-labile polynuclear species1 • Spectrophoto-
metric experiments proved that at lower pH the heteropoly species 
dissociates to some extent. 
Table 7 
Data for the Isotopic Exchange Reaction: 
[crOsMosOls+nH2n]-3 + 
~------· 
[cr5 l (H20) s]+s .:;::::fCr5 lOsMosO ls+nH2n1-s ~--/ 1.: Ll 
A B 
Temp. 29.5 °C.; .J!- = 0 .446; [A]= 0.0400; [B 1 = 0.0200 
(H+] pH-Meter Rate,R, Readings on in 
Set from 
of HCl04 
Expts. Added 
Total Calcd. Identical Non- moles/ Cwl Classicalf Radioactive tl/2, liter/ 
Calcd. EH. Solutions min. min. 
12. 0.0860 0.0860 1.07 1.06 14 6.60 X 10-4 
27. 0.0551 0.0552 1.26 1. 29 20.5 4. 51 X lQ-4 
28. 0.0109 0.0111 1.96 1.98 45.5 2.03 X lQ-4 
(1) C. Postmus and E. L. King, J. Phys. Chern., 59, 1208 (1959). 
Figures 19-35 
Isotopic exchange reaction between [cr06Mo60~ 5+nH2n]-s 
and [cr5 ~(H20) 6]+s at 29.5°C .. , f adjusted to 0.446. 
See Tables 6 and 7. 
Ordinates: 1-Fraction Exchanged. 
Abscissae: Time in minutes. 
Duplicate runs are indicated by circular dots and square 
dots. 
J 
Figure 19 
Refers to Set of Experiments No. 12, Tables 6 and 7. 
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Figure 20 
Refers to Set of Experiments No. 13, Table 6. 
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Figure 21 
Refers to Set of Experiments No. 14, Table 6. 
Figure 22 
Refers to Set of Experiments No. 15, Table 6. 
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Figure 23 
Refers to Set of Experiments No. 16, Table 6. 
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Figure 24 
Refers to Set of Experiments No. 17, Table 6. 
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Figure 25 
Refers to Set of Experiments No. 18, Table 6. 
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Figure 26 
Rerers to Set of Experiments No. 19, Table 6. 
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Figure 27 
Rerers to Set or Experiments No. 20, Table 6. 
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Figure 28 
Refers to Set of Experiments No. 21, Table 6. 
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Figure 29 
Refers to Set of Experiments No. 22, Table 6. 
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Figure 30 
Refers to Set of Experiments No. 23, Table 6. 
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Figure 31 
Refers to Set of Experiments No. 24, Table 6. 
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Figure 32 
Refers to Set of Experiments No. 25, Table 6. 
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Figure 33 
Refers to Set of Experiments No. 26, Table 6. 
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Refers to Set of Experiments No. 27, Table 7. 
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Rerers to Set or Experiments No. 28, Table 7. 
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The dependency of exchange rate on pH is not the result o:f 
varying extents of hydrolysis of the [cr(H2 0) 6 ]+3 , as it may 
readily be shown that the variation of the extent of hydrolysis 
is relatively small. This may be seen by comparing the second, 
third, and last columns of Table 7. 
In preliminary experiments it was found that the rate of the 
above-mentioned isotopic exchange was not influenced by light, 
glass-surface (glass wool was used), or by K2 Cr 2 0 7 and H2 0 2 • 
e) Why Exchange Reactions of Tervalent Central Atoms 
of Other 6-Heteropolymolybdates Were Not Carried Out: Originally 
it was hoped that exchange reaction could be carried out involving 
the central atoms of the 6-heteropolymolybdates of Fe(III) and/or 
Al(III). 
The Co(III) iso~orph was unsuitable because its :formation from 
co+2 ion involves an oxidation and because the (co(H2 0) 6]+3 ion is 
not sufficiently stable to reduction in aqueous acidic solutions. 
The value of any results of Co exchange measurements would there-
fore be vitiated by the possibility of electron exchange reactions. 
It was found that the 6-molybdoaluminate(III) and the 
6-molybdoferrate(III) anions were unstable in solutions of reason-
able concentrations when the pH's were below about 2.5. Under 
such conditions, precipitates would form after induction periods 
ranging from a few seconds to a few minutes. At pH's above 2.5 
the aquated ferric and aluminum ions form polynuclear hydrolysis 
products in significant proportions1 ' 2'3. In the case of 
(1) R. M. Milburn and W. C. Vosburgh, J. Am. Chern. Soc., 77, 1352 
(1955). 
C. Brosset, Acta Chern. Scand., 6, 910 (1952). 
C. Brosset, G. Biedermann and L~ G. Sillen, Acta Chern. Scand., 
8, 1917 (1954). 
l 
aluminum, some of these polynuclear products are non-labile • 
Meaningful exchange measurements were therefore impossible. 
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It was also found that the presence of (Fe(H2 0) 6]+3 ion in 
solutions containing ~e06Mo60ls+nH2n}-3 facilitates the 
decomposition of the heteropoly species, owing to the formation 
of a very insoluble yellow ferric molybdate of unknown composi-
tion. This precipitate is apparently the same compound which 
forms as an impurity when the heteropoly anion is prepared. 
(See Chapter II, Section A3) . The more acidic the solution, the 
less [Fe(H2 0) 6]+3 was required to initiate the decomposition of 
the heteropoly species via formation of this yellow precipitate. 
This is interpreted as indicating that some dissociation 
equilibrium of the heteropoly anion is favored by acid. Therefore 
the lower the pH, the less ferric ion need be present in order 
that the solubility product of the yellow ferric molybdate 
precipitate be exceeded. 
This interpretation is further strengthened by the observation 
that the presence of [Fe(H~) 6]+3 has an identical effect, 
including its dependence on pH, with respect to decomposing the 
6-molybdoaluminate(III) anion. 
As mentioned previously, the 6-molybdochromate(III) anion also 
reversibly decomposes when the solution is made very acidic 
(pH's below about 0.5), as was ascertained by marked changes in 
its absorption spectrum. However, in this case addition of excess 
(1) C. Brosset, Acta Chern. Scand., 6, 910 (1952). 
chromic ions produced no precipitate. That is, a chromic 
molybdate precipitate analogous to the ferric molybdate pre-
cipitate apparently does not exist. However, when ferric ions 
were added to a solution of the 6-heteropolychromate(III), 
at pH's below about 1.5, the yellow ferric molybdate precipitate 
appeared and decomposition of the 6-molybdochromate(III) was 
brought about. At pH's just below 1 the spectrum of 
6-molybdochromate(III) is the same as at higher pH's, indicating 
that acid-favored dissociation is small at that pH. 
The indicated conclusion, therefore, is that all of these 
6-heteropolymolybdate anions of tervalent elements are susceptible 
to a dissociation equilibrium at low pH's, possibly to similar 
extents, which are relatively minor at pH's above 1. However, 
in the cases of the aluminum complex and especially the ferric 
complex, insoluble salts can form from ferric ions (or aluminum 
ions) with the molybdate dissociation products. The formation 
of these precipitates removes the products of the acid-favored 
dissociations and the speedy decomposition of the heteropoly 
anions results. In the case of the chromium compound, no cor-
responding insoluble product exists and the dissociation equilibrium 
can remain at a point involving a quite small proportion of 
dissociation products, as indicated by the spectrum. 
These facts, rather than a pronounced difference in general 
labilities, account for the lack of stability (in the sense of 
resistance to decomposition) of the 6-heteropolymolybdates of 
Al(III) and Fe(III) as contrasted with those of Co(III) and 
Cr(III). 
A further indication in favor of the above interpretation 
11)6 
is to be found in the fact that the 6-heteropolymolybdates of 
Al(III) and Fe(III) decompose in any solution when warmed to 
about 40°C., the characteristic precipitates forming. However, 
the Cr(III) and Co(III) isomorphs may be boiled for prolonged 
periods without any decomposition or change in color shade 
such as accompanies the dissociation of the Cr(III) complex at 
pH's below 0.5. Apparently, the dissociation equilibrium of 
the Fe(III) and Al(III) complexes shift far enough upon warming 
that very insoluble precipitates can start to form with resultant 
eventual complete decomposition of the heteropoly species. 
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CHAPTER III - DISCUSSION 
A. Historical: Some General Background 
Prior to 1908 a large number of compounds had been dis-
covered which later proved to be heteropoly electrolytes. In 
that early literature these were reported by means of dualistic 
merely a means of expressing analytical results and they con-
veyed no structural information in a modern sense. 
The first systematic attempt to understand the structure 
1 
of heteropoly compounds was made in 1908 by Miolati , who 
suggested a structure for these compounds based on the ionic 
theory and Werner's coordination theory. Following 1908, 
Miolati's theory was extensively developed and applied by 
Rosenheim and his coworkers 2 • 
1. The Miolati-Rosenheim Theory: According to this theory 
each heteropoly acid is derived from a hypothetical parent acid 
H( 12_n)[x+no 6 ] by replacing any number of the oxygen atoms 
around the central atom by various radicals. In the cases of 
heteropoly molybdates or tungstates these radicals could be 
Mo04=, W04=, Mo2o7=, or W207=. In cases where all of the oxygen 
atoms of the hypothetical parent acid had been replaced by such 
radicals, the heteropoly anions were called "saturated". When 
A. Miolati, J. prakt. Chern., (2), 77, 417 (1908). 
A. Rosenheim in R. Abegg 11 Handbuchder Anorganischen Chemie", 
Vol. 4, Part 1, ii, Leipzig, 1921, pp. 977-1065. 
only some portion of those oxygen atoms had been substituted 
by radicals, the acids were designated "unsaturated". 
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Rosenheiml,2 cited evidence in support of his opinion that 
"saturatedn heteropoly acids of molybdenum and tungsten could 
be differentiated by their physical and chemical properties 
from "unsaturatedn acids and that there were two main categories 
of "saturated" complexes: For Rosenheim, these were the 
12-heteropoly class, exemplified in compounds such as 
H7 ~(Mo207)e], Hs [si(Mo207)e], and NasH4[P(W20 7 )e}·8H20, and 
the 6-heteropoly class, consisting of species containing various 
central atoms surrounded by wo4= or Moo4= tetrahedra, e.g., 
Hs (r+7 (Mo04)e], Na4He[Ni+2 (Mo04)e], and (NH4)sHe[Rh+3 (Mo04 ) 6]. 
Among the 11 unsaturated 11 acids a third main class was thought 
to exist, the 9-heteropoly derivatives. These were typified 
by such compounds as those which Rosenheim formulated: 
H~2 ~202(Mo207)91"30H20, H~2~s202(Mo207) 91·32H20, and 
NaeHe [P 20 2 (W 207) 9 J • 38H20. 
The Miolati-Rosenheim theory had the advantage that it con-
ceived of the compounds as electrolytes and it placed the 
correct atoms of positive oxidation state in the anions, in 
correct proportion. It was based on the Werner coordination 
theory. At the time, the big majority of the central atoms of 
those coordination complexes which had been investigated had 
been shown to exhibit octahedral coordination. Although 
A. Rosenheim, Z. anorg. Chern., 96, 139 (1916). 
A. Rosenheim and A. Traube, z.-anorg. Chern., 91, 75 (1915). 
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= Mo207 and W207= radicals had never been confirmed as simple 
ions, it was supposed that they might exist, by analogy to 
the Cr20 7= ion (Cr, Mo, and W being in the same Periodic Group). 
It was supposed that coordination might 11 stabilize 11 such ions. 
2. The Rosenheim Interpretation of High Indicated 
Basicities: The number of oxygen atoms required in the hetero-
poly anions when they are formulated according to the Miolati-
Rosenheim theory is so large that the formulas of the anions 
indicate a fairly high negative charge. Therefore, the 
basicities of the free acids had to be presumed to be large, 
and many salts had to be formulated as acid-salts. 
Rosenheim rationalized these facts by pointing out that 
solutions of the salts were almost always acidic, that the pure 
compounds crystallized from acidic solutions, and by recalling 
the well-known fact that with large ions acid-salt formation 
is relatively common, because packing considerations in the 
1 
crystals are often overriding in determining whether an acid-
salt or a normal salt will be most insoluble. 
In an effort to find experimental justification of the high 
basicities indicated by his formulations, Rosenheim undertook 
to prepare some normal salts exhibiting the basicities he 
expected 2 • He also undertook conductivity measurements 2 . For 
example, he found justification for the heptabasicity of the 
J. A. Santos, Proc. Roy. Soc., AlSO, 309 (1935). 
A. Rosenheim in R. Abegg 11 Handbuch der Anorganischen Chemie 11 , 
Vol. 4, Part 1, ii, Leipzig, 1921, pp. 977-1065. 
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12-molybdophosphoric acid in the fact that guanidinium and 
mercurous salts, among othersl, of some 12-heteropoly anions 
could apparently be prepared which fitted the normal salt 
formulas indicated by the Miolati-Rosenheim theory. These 
he formulated [?NsHs] 7 ~(Mo207) }·8H20, and (Hg 2) 9 [E(w2o7 )s] 2 ·48H20. 
(More recent work forces the conclusion that these products 
were either impure or are not simple salts of the usual 12-anions. 
Perhaps they were double salts of some description.) 
Rosenheim was unsuccessful in attempts to prepare what he 
considered normal salts of the 9-heteropoly anions. For these 
complexes he therefore had recourse to conductivity experi-
ments in which the equivalent conductances were measured,at 
various dilutions, of: a) a solution containing 1/7 mole of 
12-molybdophosphoric acid, b) a solution containing 1/12 mole 
of 9-molybdophosphoric acid and c) a solution containing 1/12 
mole of 9-molybdoarsenic acid. According to his structural 
formulas such solutions would contain very nearly the same 
concentration of hydrogen ion and hence their equivalent 
conductance ought to be very similar. His results are listed 
in Table 8. Since he felt that the heptabasicity of the 
12-molybdophosphate had been established by the existence • 
of materials which he took to be normal salts, the results of 
these conductivity measurements were accepted as strong support 
(1) A. Rosenheim in R. Abegg "Handbuch der Anorganischen Chemie", 
Vol. 4, Part 1, ii, Leipzig, 1921, pp. 977-1065. 
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for the dodecabasicity of the 9-heteropoly acids. The results 
were also taken as establishing the latter acids as dimeric, 
since a molecular weight twice that of the empirical formula 
was used to calculate the numbers of moles of those acids, as 
indicated by the Miolati-Rosenheim structural approach. 
Table 8 
Equivalent Conductances, L, in Reciprocal Ohms 
at 25°C. (Data of Rosenheim1 ) 
1/12 Mole of H~2 [P202 (Mo207) 9] 
L 197.9 
210.0 
218.0 
226.6 
239.9 
249.8 
lf-12 Mole of 
H~ 2 (As20 2 (Mo207) 91 
190.8 
205.0 
216.8 
229.0 
240.5 
253.1 
1/l Mole of 
H7 [P (Mo207) sl 
190.6 
215.3 
229.1 
241.3 
248.5 
258.1 
Volume in 
Liters 
32 
64 
128 
256 
512 
1024 
It was not then possible to prepare the extremely soluble 
acids in sufficiently pure form for reliable potentiometric 
titration owing to the high molecular weight of the anion, as 
explained in Chapter I. 
Rosenheim's conductivity results can be reinterpreted to 
strengthen the conclusions of the present work, as will be 
shown in a later section. 
(1) A. Rosenheim in R. Abegg "Handbuch der Anorganischen Chemie", 
Vol. 4, Part 1, ii, Leipzig, 1921, pp. 977-1065. 
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3. The Pauling Structures of Heteropoly Anions: An im-
portant step in elucidating the structure of heteropoly compounds 
was made in 1929 when Pauling1 applied the "rules governing 
structures of complex ionic crystals" 2 to the internal structure 
of heteropoly anions. These rules govern the packing geometry 
of charged atoms, based on ionic radius ratios, and the geometry 
of linking the resulting polyhedra together, based on the con-
cept of the closest approach to local electrical neutrality and 
on the avoidance of strong electrostatic repulsions between 
cations. In the case of the 12-heteropoly acids, Pauling assumed 
that the Mo(VI) or W(VI) atoms are present at the centers of 
MoOs or WOs octahedra, which are linked together by sharing 
three corners each with the neighboring octahedra. In compliance 
with the "rules" for linking polyhedra2, Pauling envisaged that 
only corner-sharing between polyhedra would be involved. Edge-
sharing or face-sharing was thought to be too unfavorable 
energetically. In the structure which he proposed, thirty-six 
exterior unshared corners of MoOs (or WOs) octahedra are left. 
The structure contains 58 oxygen atoms. By converting 18 
molecules of water of crystallization into water of constitution 
the required total number (58) of oxygen atoms was obtained plus 
thirty-six hydrogen atoms, just the right number to convert the 
thirty-six exterior unshared oxygen atoms into thirty-six OH 
groups. 
L. Pauling, J. Am. Chern. Soc., 51, 2868 (1929). 
A. F. Wells, "Structural Inorganic Chemistry", Second Ed., 
Oxford University Press, New York, N.Y., 1950, p. 89. 
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As a consequence, a [Mo220 22 (0H)se}-8 cage-like unit re-
sults, in the center of which are four oxygen atoms arranged as the 
vertices of a tetrahedron. A central atom, X, can fit within this 
tetrahedron, giving a 12-heteropoly anion of formula 
~+no4Mo220 2 g(OH)se]-(S-n). According to this proposal a great 
many well-defined 12-heteropoly salts were actually normal salts. 
In order for there to be enough oxygen atoms to form his 
corner-shared structure, it was essential that Pauling include a 
high proportion of constitutional water in the formula. This was 
shown to be unsound as stable hydrates were found, for salts of 
1 2 12-tungstosilicate and other 12-heteropoly anions , which contain 
less total water than that required for the Pauling formula. Also, 
anhydrous 12-heteropoly salts of various tertiary amines and 
quaternary bases were reported3. 
Pauling also proposed the same sort of structure for 
9-molybdophosphate(V) and similar anions. This structure also re-
quired a high proportion of constitutional water. The complete 
dehydration of dimeric dimethylammonium 9-molybdophosphate(V), 
without decomposition, is reported in the present work (Chapter II, 
Section I, lg) • 
Pauling also agreed with Rosenheim that the 6-heteropoly series 
consisted of a central atom octahedrally coordinated to six 
= Mo0 4 or wo4 = groups. This is no longer accepted, however, as 
will be explained later in this section. 
(1) A. G. Scroggie and G. L. Clark, Proc. Nat. Acad. Sci., 15, 
1 (1929). 
(2) A. Rosenheim, Z. anorg. Chern., 220, 73 (1934). 
(3) E. Kehane, Bull. Soc. Chim. (France), (4), 49, 557 (1931). 
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4. The Keggin Structure of 12-Heteropoly Anions: Pauling's 
work was followed shortly by that of Keggin and his collaborators 
in England1 ' 2 '3 who were able to show by means of X-ray 
diffraction studies that many 12-heteropoly anions contain a 
central atom within a regular cube-octahedron of tungsten or 
molybdenum atoms. The latter atoms are at distances from each 
other which suggest that they may be within W0 6 (or Mo0 6 ) octa-
hedra which share some corners and some edges with one-another. 
Each W0 6 (or Mo0 6 ) octahedron also shares one corner with a 
central X04 tetrahedron. The whole assemblage has the formula 
[x+no4Mo~20se}-(8-n) or [x+no4w~20se}-(8-n). The doubt about 
the assignment of the positions of the oxygen atoms in the anion 
was reduced somewhat by the further X-ray work of Santos4. 
Finally, in this laboratory, a combined chemical and 
structural X-ray investigation was carried on5' 6 for salts of 
[co04W~20se}-s and {9oo4w~20se}-e which enabled each oxygen atom 
in the anion to be directly located by X-ray methods. Among 
other things, this confirmed the oxygen arrangement proposed 
by Keggin. 
There are five ways in which 12 MoOs (or W0 6 ) octahedra, 
using only edge and corner sharing, can pack around a central 
( 5) 
(6) 
J. F. Keggin, Proc. Roy. Soc., 144A, 75 (1934). 
R. Signer and H. Gross, Helv. Cnrm7 Acta, 17, 1076 (1934). 
J. R. deA.Santos, Proc. Roy. Soc., AlSO, 309 (1935). 
J. R. deA.Santos, Revista Faculdade Cienc., Univ. Coimbra 
(Portugal), 16, 5 (1947). 
N. F. Yannoni, V. E. Simmons, K. Eriks, and L.C.W. Baker, 
Abstracts of Papers Presented before the Division of 
Inorganic Chemistry, National Meeting, Am. Chern. Soc., 
Atlantic City, September 1959. 
V. E. Simmons, N. F. Yannoni, K. Eriks, and L.C.W. Baker, 
ibid. 
xo4 tetrahedron while involving only 40 oxygen atoms in the 
whole assemblage. It is here proposed that the isomerisms 
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which exist for various 12-heteropoly and dimeric 9-heteropoly 
species1 may be based on these different, but very similar, 
anionic structures. 
5. 12-Heteropoly Anions Based on X0 6 Central Octahedra: 
In 1953 it was established2 that not all 12-heteropoly anions 
contain forty oxygen atoms. 12-molybdocerate(IV) anion contains 
at least forty-two oxygen atoms and hence it has a different 
structure from the [x+no4w~ 20 36 }-(S-n) type discussed immed-
iately above. 12-molybdothorate(IV) anion apparently contains 
forty-two oxygen atoms also 2, and the existence of a stannic 
isomorph is indicated. The color of the eerie complex and the 
large size of Ce and Th atoms make it most probable that these 
12-heteropoly anions are based on X0 6 central octahedra. If, 
as seems likely, these anions contain no constitutional water, 
their formula would be: [ +4 1-8 X OeMo~20se • 
(1) 
( 2) 
L.C.W. Baker, "Properties of Heteropolymolybdates", 
Information Bulletin Cdb-12, Climax Molybdenum Co., 
New York, N.Y., 1956, p. 7. 
L.C.W. Baker, G. A. Gallagher and T. P. McCutcheon, 
J. Am. Chem. Soc., 75, 2493 (1953). 
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6. The Anderson-Evans Structure or 6-Heteropoly Anions: 
Evansl,2 was able to confirm, by structural X-ray techniques, a 
possible structure proposed by Anderson3,4 for a 6-heteropoly 
anion. His data pertained to (NH4)s[TeOsMos0~8]·7H20 and 
Ks(TeOsMos0~8}·7H20. They showed that the 6-molybdotellurate(VI) 
anion consists of a planar hexagonal ring of six molybdenum 
atoms, each surrounded octahedrally by oxygen atoms. These six 
MoOs octahedra surround a TeOs octahedron, which shares one 
edge with each MoOs octahedron. Every MoOs octahedron also 
shares one edge with each of the two MoOs octahedra adjacent to 
it. This structure is shown in Fig. 36 (Upper Structure). 
Recently, the [NiOsWs0~8Hs]-4 anion, a new complex, was 
shown5 to have the Anderson-Eva•sstructure. This was the first 
time that a heteropoly anion had been shown, on modern bases, to 
contain hydrogen atoms (i.e. constitutional water). A strong 
(5) 
H. T. Evans, Jr., J. Am. Chern. Soc., 70, 1291 (1948). 
H. T. Evans, Jr., Abstracts of Papers-presented Before 
the Spring Meeting, American Crystallographic Association, 
Cambridge, Mass., 1954. 
J. S. Anderson, Nature, 140, 850 (1937). 
H. J. Emeleus and J. S. A'i1'iferson, "Modern Aspects or 
Inorganic Chemistry11 , Second Ed., D. Van Nostrand Co., Inc. 
New York, N. Y., 1952, p. 226. 
U. C. Agarwala, Ph.D. Thesis, Boston University, 1960. 
Figure 36 
Structures of Some Heteropoly Anions 
In these representations, the centers of oxygen atoms are 
at the vertices of all polyhedra,and atoms of positive 
oxidation state (except H) are at the centers of the 
polyhedra. 
Upper Structure: (NiOeMoeO~sHe]-4 , [Te0eMo60~s]-6 , 
[NiOeW60~8He]-4 • The ring of six addenda octahedra, shar-
ing edges with one another, is shown. The X0 6 octahedron 
containing the central atom, which fits in the center of the 
ring, is elevated out of its position, in the illustration, 
in order to show the structure clearly. Compare Fig. 38. 
(See text for role of the hydrogen atoms.) 
C t S t t r, +4 0 ]-6 ( ) en er rue ure: LMn 0 6 Mo9 26 , exploded left and 
assembled diagrams. The Mn atom is represented by a black 
dot; the Mo atoms by small circles. 
Lower Structure: The Dawson structure for BP04 ) 2W~80s4 ]-e 
and the structure of this anion's "half-unit". P04 tetra-
hedra are shaded; W0 6 octahedra are white. 
)-
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argument can be made that the six hydrogen atoms in the anion 
are probably located on the oxygen atoms of the Ni0 6 octahedron1 • 
The location of these six hydrogen atoms can almost certainly 
be definitely determined when a refinement of the oxygen positions, 
now underway, is complete, because, if the six hydrogen atoms 
are not attached to the oxygen atoms of the Ni0 6 octahedron, they 
will be involved in H-bonding oxygen atoms (probably from ad-
jacent complexes) together. This would probably be apparent 
from the 0-0 distances. 
In the present work Na4 (Ni06MoeO~gHe]·l6H20 was prepared for 
the first time and it was found that the positions of the peaks 
of its powder X-ray pattern coincided exactly with those of the 
powder X-ray pattern of Na4~iOeWeO~gHe}·16H20 discussed in the 
previous paragraph. Therefore the two anions were presumed to 
be isomorphs and of identical formula. The dehydration studies 
reported in the present work also support this. The isomorphism 
1 
was then confirmed by Agarwala by single crystal X-ray measurements • 
7. Concerning the Formula and Structure of 9-Molybdates 
and 9-Tungstates of Phosphorus(V): In cases where the ratio of 
a non-metallic central atom, such as P, to Mo or W atoms is 1 to 
9 in a heteropoly compound, the situation is more complex. wu 2 
did very valuable descriptive work with these compounds. He ac-
cepted Rosenheim's 12-basic formulas and structures, which have 
been given in Section 2 above. 
U. c. Agarwala, Ph.D. Thesis, Boston University, 1960. 
H. Wu, J. Biol. Chern., 43, 183 (1920). 
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In the case of the 12-heteropo1y anions, a P04 tetrahedron 
could be accommodated in the cage formed by the MoOe or WOe 
octahedra. In the 9-heteropoly series, however, such a structure 
is not possible, as the MoOe (or WOe) octahedra are geometrically 
unable, even by corner sharing, to form a closed cage about a 
single tetrahedron which has edges of similar length to those of 
the MoOe octahedra. 
1 Because of such structural considerations, Pauling suggested 
that the 9-tungstophosphate anion was probably dimeric. He 
suggested a structure of formula GP04 )2W~80s 0 (0H)48J-e. 
A corresponding situation exists for the 9-molybdophosphate 
anion because of the similarity in size of MoOe and W0 6 octahedra. 
According to the ideas held by Pauling in 19291 one would form-
ulate the molybdenum compound as UP04 ) 2Mo~80 30 (0H) 4 8}-e. 
As already explained earlier, the Pauling structure for the 
12-tungstophosphate anion was incorrect in several ways, although 
it led the way in applying some correct fundamental principles. 
It involved experimentally unjustifiable amounts of water of 
constitution. Following Keggin's elucidation of the 
12-tungstophosphate anion, with consequent revision of the 
principles laid down by Pauling, Wells2 proposed a different 
6-basic structure for the 9-tungstophosphate anion, consistent 
with the revised principles. In essence, his structure consists 
L. Pauling, J~ Am. Chern. Soc., 51, 2868 (1929). 
A. F. Wells, "Structural Inorganic Chemistry" Second Ed., 
The Clarendon Press, Oxford, 1950, p. 354. 
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of two P0 4 tetrahedra in a cage formed by the eighteen surround-
ing WOe octahedra. The whole unit can be visualized as 
consisting of two simpler "half-units 11 , in each of which a P04 
tetrahedron is surrounded on three sides by nine WOe octahedra, 
which are held together by sharing both edges and corners. The 
two half-units are joined by sharing of six oxygen atoms. The 
proposed complete structure has the formula UP04 ) 2 Wl.80s4 ] -e. 
However, no direct experimental evidence in favor of this 6-basic 
structure was presented. 
Such was the situation when the work, reported in the present 
paper, on the 9-molybdate complexes of P(V) and As(V) was under-
taken. It was the intention to test relative to molybdates the 
6-basic formula suggested by Wells for the corresponding 
9-tungstophosphate, by potentiometrically titrating the free 
acids, which could be prepared in a state of sufficient purity 
for the first time by the ion-exchange technique1 ' 2 , using a re-
crystallized salt of moderate solubility. It was also intended 
to ascertain the correct formula of the anion by a combination of 
analyses, potentiometric tracing of the anion's degradation by 
base, and dehydration experiments which would reveal the presence 
or absence of constitutional water (since Wells's proposed 
structure involved no hydrogen atoms). All of these objectives 
were attained, co.nfirming Wells's formula and thereby, because of 
(1) 
( 2) 
L.C.W. Baker, G. A. Gallagher and T. P. McCutcheon, J. Am. 
Chern. Soc., 75, 2493 (1953). 
L.C.W. Baker-,-et al., J. Am. Chern. Soc., 72, 2374 (1950). 
180 
geometric limitations, lending very strong support to the kind 
of structure proposed by him. 
However, after completion of the researches described herein 
a single-crystal structural X-ray investigation of 
Ka 8P04)2W~80s4}·14H20 was reported by Dawson1 . He found 
that this tungsto derivative had almost the structure suggested 
by Wells. Dawson's structure for the dimeric 9-tungstophosphate(V) 
anion is illustrated in Fig. 36 (Lower Figure). As in Wells's 
structure, it consists of two "half-units'' held together by 
the sharing of six vertices of W0 6 octahedra. For convenience, 
one of these half-units is also illustrated in Fig. 36 (Lower 
Figure). 
In Dawson's structure the two half-units are identical. In 
Wells's one half-unit differs from the other very slightly. 
Referring to the diagram of the complete Dawson anion model 
(Fig. 36, Lower Figure), the structure proposed by Wells may be 
visualized if one envisages rotating through 60°, about the axis 
which passes through the two phosphorus atoms, only one of the 
planar hexagons of W0 6 octahedra which contain a P04 tetrahedron. 
The other planar hexagon and the two trigonal groupings, of three 
W0 6 octahedra each, at top and bottom of the anion, must remain 
unrotated. 
Dawson made no X-ray absorption corrections and so was unable 
to locate any oxygen atoms directly. Therefore, with respect 
(1) B. Dawson, Acta Cryst., £, 113 (1953). 
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to oxygen atom positions and mode of linking polyhedra, his 
structure could not be regarded as completely demonstrated. The 
fact that the reliability factor, R, for each projection, decreased 
when the assumed positions of phosphorus and oxygen atoms of the 
anion were included in his calculations, does not alone fully 
substantiate his structure over one such as Wells's, since the 
majority of the oxygen atoms would be in the same or nearly the 
same positions in both structures. However, the tungsten-tungsten 
distances which Dawson calculated strongly supported his choice 
of oxygen atom positions. Both of the planar hexagons of W atoms 
about each P atom had alternate slightly longer and slightly 
shorter W-W distances, proceeding around the hexagon. The shorter 
W-W distances of the lower hexagon fall exactly beneath the shorter 
W-W distances of the upper hexagon. If this fact does not depend 
upon packing forces in the crystal or is not an artifa~t caused by 
cumulative influence on the calculations of all of the other 
undetermined atoms in the crystal, then Dawson's assignment of 
oxygen positions would strongly appear to be the correct one, 
rather than the assignment suggested by Wells or other very 
similar assignments which can be made. 
Such a minor uncertainty appeared justified, however, especially 
in view of the lingering doubts which were still justified until 
1959 regarding Keggin's assignment of oxygen atom positions for 
the 12-anions. Dawson had adduced Keggin's structure as support 
for his own structure in various lines of argument. Therefore, 
the work recently carried on in this laboratory, already cited 
(Section 4 above), wherein the Keggin assignment of oxygen 
positions was finally confirmed by direct location of all the 
oxygen atoms in the 12-tungstocobaltiate anion lent final very 
strong support to Dawson's choice of oxygen atom positions. 
Dawson's structure has the advantage over its competitors 
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that the two half-units are identical and that each is extremely 
closely related to the structure now established for the 12-
heteropoly anions. A half-unit may be made from a 12-anion merely 
by removing three WOe octahedra. Two half-units may then join 
at the points where the WOe's were removed. This fits very well 
with the chemical evidence regarding the interconvertibility of 
12-anions and dimeric 9-anions. At room temperature the dimeric 
9-anions can be metastable species1 , as will be considered in the 
individual discussion (below) of the results of that phase of 
the present work which was devoted to the dimeric 9-anions. 
Wu1 , following an earlier observation by Kehrmann2, was able 
to isolate .~ and p isomeric forms o.f the 9-tungstophosphate anion 
as the ammonium salts, which, formulated consistently with usage 
throughout this paper, are (N~) e [(P04) 2WJ.80s 4] ·18H20, and 
(NH4)e[(P04) 2WJ.80s4]·14H20, respectively. The c-..:and j3 anions 
have a distinctly dif.ferent shade of color, in solids and in 
solution. Souchay3 has shown that the absorption spectra in 
solution of these two forms are different. He attributed this 
H. Wu, J. Biol. Chern., 43, 183 (1920). 
F. Kehrmann, Z. anorg. Chern., 1, 432 (1892). 
P. Souchay, Ann. Chim., (12), 21, 249 (1946). 
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to possible disimilar arrangement of the WOe groups about the 
central P04 tetrahedra. The foregoing discussion shows that 
this suggestion is very reasonable. Dawson's structure was 
based on the ~ -form, for which the ammonium and the potassium 
salts are triclinic. Those of the <:(-form are hexagonal1 • 
No such structural isomerism has been found for the 
9-molybdophosphate and 9-molybdoarsenate anions. These anions 
probably have, however, the Dawson structure, because of the 
geometrical crystallographic isomorphicity of the 
(NH4)s [(As04)2WJ.g0s4}·14H20 and Ks ({Po4)2MoJ.80s4]·14H20 with 
~ -(NH4)s[(P04)2WJ.80s4]•14H20 2 • The ~ -(NH4)s [(P04)2WJ.80s4] ·l4H20 
is isomorphous with the corresponding ~-K6 [(P04 ) 2WJ.80 54] ·l4H203. 
The present work lends further strong support to this argument 
by establishing the correct formula of the molybdo complex as 
will be discussed below. 
Since the publication of Dawson's paper, some workers have 
reported preparative and descriptive experiments4 ,5,6 which 
purport to show that the Rosenheim 12-basicity of the dimeric 
9-heteropoly anions is correct after all. These conclusions of 
these papers may be dismissed by a combination of internal evidence 
(l) 
i?l 
(5) 
(6) 
H. Wu, J. Biol. Chern., 43, 183 (1920). 
L. Duparc and F. Pearce:-z. Kryst., 27, 612 (1897); 31, 66 (1899). 
C. C. Stuhlmann, Z. Kryst., 21, 174 Tf893). ---
E. A. Nikitina and 0. N. Sokolova, Zhur. Obshchei Khim., 24, 
1123 (1954); C.A., 49, l466a (1955). --
E. A. Nikitina and~ N. Sokolova, Zhur. Obshchei Khim., 24, 
1286 (1954); C.A., 49, 2246c (1955). 
E. A. Nikitina and 0. N. Sokolova, Russ. J. Inorg. Chern., 2, 
347 (1960) • 
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with the results, reported herein, concerning the changes of 
the potentiometric titration curves of the free acid of the As 
complex upon standing. 
A recent conclusion1 that these 9-anions are monomeric in 
solution, based on diffusion experiments, may be dismissed on the 
grounds that the theoretical basis of the interpretation was 
incorrect 2 • 
Very recently Pope and Baker3 have carried out cryoscopic 
measurements in fused Na 2 S04 •10H2 0 which show that both dimeric 
9-tungstophosphate(V) and dimeric 9-molybdophosphate(V) are in 
equilibria which shift extensively toward the formation of 
dissociation fragments at concentrations below about 0.07M when 
in saturated sodium sulfate solution at room temperature. At 
higher concentrations, negligible proportioroof the heteropoly 
ions are dissociated. The molybdate species is a little less 
stable (in the sense of evaluating the extent of its dissociation 
equilibria) than the corresponding tungstate species. 
8. The Structure of the 9-Molybdomanganate(IV) and 
9-Molybdonickelate(IV) Anions: A second series of 9-heteropoly-
molybdates exists, represented by the formula ~+nMo90 321-(lO-n) 
where X= Mn+4 or Ni+4 • The structure of the [Mn06 Mo90 26)-e 
anion has been determined4 by X-ray diffraction studies. The 
V.I. Spitzyn, Zhur. neorg. Khim., 2, 502 (1957). 
L.C.W. Baker and M. T. Pope, J. Am.-Chem. Soc., 82, 4176 (1960). 
M. T. Pope and L.C.W. Baker, Private Communication (1959). 
J.L.T. Waugh, D. P. Shoemaker and L. C. Pauling, Acta Cryst., 7, 
438 (1954). -
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Mn(IV) atom is octahedrally coordinated by oxygen atoms and 
surrounded by nine Mo0 6 octahedra in such a way that an 
asymmetric structure, shown in Fig. 36(center structures) results. 
An X-ray determination of absolute configuration has been made1 . 
Its isomorph, [Ni+4 0 6 Mo9o26}-e, also possesses the same 
structure2 • 
The results reported herein show that earlier work3, 4 ,5 claim-
+4 ing the existence of a Co isomorph of these two ions could not 
be repeated. 
(1) D. P. Shoemaker, Abstracts of Papers Presented at National 
Meeting, American Crystallographic Association, Ithaca, N.Y., 
1960. 
D.P. Shoemaker, Private Communication (1960). 
R. D. Hall, J. Am. Chern. Soc., 29, 701 (1907). 
A. Miolati, J. prakt. Chern., (2T; 77, 417 (1908). 
J. Kleinberg "Unfamiliar OxidationStates and Their Stab-
ilization", University of Kansas Press, Lawrence, 1950, pp. 5,98. 
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B. Results Obtained in This Investigation 
1. Exchanges of the Radioisotopes: For a general state-
ment of the background, purposes, and some of the results of 
the radioisotope exchange reactions carried out in the present 
investigation, the reader is referred to the Introduction, 
page 3 (Chapter I, Section Bl). The following discussion merely 
continues and builds upon that statement and the pertinent 
experimental sections. 
a) Other Exchange Data: It was pointed out in Chapter 
I that no determinations of isotopic exchange rates involving 
heteropoly anions had been reported when this investigation 
was undertaken. Since then, Spitzyn et al. 1 ' 2 '3 have reported 
some very approximate exchange data involving Mo99 and w185 in 
12-heteropoly and 9-heteropoly molybdates and tungstates of 
silicon(IV) and phosphorus(V). However, not enough data are given 
in those reports to warrant attempting any correlation between 
those conclusions and the present findings. 
b) Some Conclusions and Background Relative to the 
Mo99 Exchanges: The fact that the Mo99 exchange between 
paramolybdate and 6-molybdoferrate(III) anions is very fast, 
even at 0°C., proves that the paramolybdate ion is very labile 
and that the rate of replacement of Mo atoms in the paramolybdate 
structure is not a rate-determining step in the slower exchanges, 
(1) V. I. Spitzyn and E. A. Torchenkova, Doklady Akad. Nauk. 
S.S.S.R., (2), 2_2, 289 (1954). 
V. I. Spitzyn, Roczhiki Chern., 29, 218 (1955). 
V. I. Spitzyn and I. I. Bykoukaia, Doklady Akad. Nauk. S.S.S.R., 
(2), 104, 256 (1955). 
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involving the chromic complex. 
It is also worth noting that the fast Mo exchange with 
paramolybdate shows, in view of the nature of that anion's 
structurel (see Fig. 37, Upper Structure), that oxygen 
exchange between paramolybdate ions and solvent is almost certainly 
very rapid and complete. In addition, many, but not necessarily 
all, of the oxygen atoms of the heteropoly anion structure very 
probably exchange rapidly with solvent. This will be clear in 
the light of discussions to follow. 
While the fast Mo99 exchanges recorded in Tables 2 and 3 
(Chapter II, Section K,l) are consistent with the superficial 
net prediction that Mo-O bonds in Mo(VI)0 6 octahedral config-
urations should be labile, the present results are interesting 
with respect to the general mechanisms of substitution reactions 
of octahedral complexes, upon which such predictions of relative 
labilities are currently founded, both in terms of valence 
bond theory2,3 and in terms of ligand field theory4. In the 
present experiments new restraints, rather stringent steric 
ones, exist which did not pertain in the experiments with simpler 
complexes upon which the theories are in part founded. 
The correlation of relative labilities of central atom to 
ligand bonds in coordination complexes depends upon: (l) mag-
netic or other evidence which shows whether complexes are of 
(4) 
I. Lindqvist, Arkiv. Kemi., 2, 325 (1950). 
H. Taube, Chern. Revs., 50, 69 (1952). 
E. A. Martell and M. Calvin, "Chemistry of the Metal Chel-
ate Compounds", Prentice-Hall, Inc., New York, N.Y., 1952, 
Chapter 6. 
F. Basolo and R. G. Pearson, "Mechanisms of Inorganic Re-
actions", John Wiley and Sons, Inc., New York, N.Y., 1958, 
Chapter 3. 
Figure 37 
Structures of Two Isopoly Molybdate Anions 
Upper Structure: 
Lower Structure: 
The paramolybdate anion: 
[Mo70 24] -6 . 
The "tetramolybdate 11 aniont 
[Mog026]-4 • 
A molybdenum atom is at the center of each octahedron and 
an oxygen atom's center is at each of the vertices of the 
octahedra. 
Note that the lower structure cannot be made from the up-
per one merely by adding one Mo0 6 octahedron to the latter. 
Also note close structural relationship between para-
molybdate anion and certain 6-heteropoly anions (Fig. 36, 
Upper Structure and Fig. 38). 
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»inner orbital 11 ("spin paired") or "outer orbital" ("spin free") 
types, (2) radioisotope exchange rates, (3) success or failure 
of Szilard-Chalmers applications, (4) racemization and muta-
rotation rates, (5) data indicating the kinetics of a few 
ligand substitution reactions to be ':unrumolecular and others to 
be bimolecular, and (6) data on rates of other reactions. 
In Terms of Valence Bond Theory: In order to rationalize 
the pattern of labilities exhibited in the cases of octahedral 
complexes, the theory which was advanced1 ' 2'3 found it necessary 
first to divide such complexes into the inner orbital category 
(having d 2 sp 3 hybridization) and the outer orbital category 
(having sp 3 d 2 hybridization). 
It is postulated that the outer orbital complexes may 
generally undergo substitution reactions via first order dis-
sociation mechanisms, e.g., 
MXs slow > MXs + X 
MXs + X 1 ---4MX5 X 1 • 
In these cases the main factor affecting relative labilities is 
seen as electrostatic1 primarily the magnitude of the charge on 
the central atom and, very secondarily, its size, which control 
the activation energy needed to obtain the pentacoordinated ac-
tivated intermediate. For central atoms in +1, +2, or +3 oxida-
tion state, labile outer orbital complexes are cited and generally 
(1) 
( 2) 
( 3) 
H. Taube, Chern. Revs., 50, 69 (1952). 
E. A. Martell and M. Calvin, "Chemistry of the Metal Chelate 
Compound sn, Prentice-Hall, Inc., New York, N.Y., 1952, 
Chapter 6. 
F. Basolo and R. G. Pearson, "Mechanisms of Inorganic Re-
actionsn, John Wiley and Sons, Inc., New York, N.Y., 
1958, Chapter 3. 
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predicted. For those in higher oxidation states, inert outer 
orbital complexes are expected and cited, the lability de-
creasing markedly with increasing positive charge on the central 
atom. ''Degree of covalent character", based on electron 
affinity or electronegativity differences, relative polariz-
ability of ligands, etc. was seen, for octahedral transition metru 
complexes, primarily as a factor which influences whether a 
complex is of the inner orbital or outer orbital type; but, as 
between complexes of the same type with central atoms of the 
same oxidation state, degree of covalent character did not appear 
as a major factor in determining labilities. In other outer 
orbital cases, it, of course, paralleled increasing charge on 
the central atom. 
For a typical inner orbital octahedral complex, the theory 
which was advanced found it necessary to envisage the formation, 
by bimolecular reaction, of an activated complex (~ high-energy 
intermediate) wherein an additional ligand must become attached 
to the central atom before or while an older metal-ligand bond 
breaks. When this assumption is made, a rational estimation of the 
amounts of energy necessary to form such heptacovalent activated 
species, in the particular cases, provides a generally accurate 
means of predicting which central atom to ligand ~onds will be lab-
ile. The estimation of gross differences in this activation energy 
depends primarily upon whether or not (1) pairing and/or (2) 
promotion of electrons will be necessary in order for the central 
atom to provide the vacant inner orbital required for the new 
hybridization needed to form the heptacoordinated species. 
(The kinetics of reactions which go slowly enough to measure 
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are often complex and most frequently do not reveal unambiguously 
whether the reactions are unimolecular, bimolecular, or more 
complicated1 ,2.) 
It was observed, as a primary large effect, that the 
many d0 , d~, and d 2 octahedral complexes of transition elements 
which were investigated are all very labile, irrespective of 
high charges on some of the central atoms, whereas all d3 and 
higher inner orbital complexes are of much lower relative 
labilities. As an example, it was observed that Mo(III)X6 and 
W(III)X6 complexes (which are d3 ) are inert while Mo(V)X6 , W(V)X6 , 
W(VI)X6 and, of course, Mo(VI)X6 (as shown herein) are very 
labile. Since these latter (d~ and d 0 ) complexes have higher 
positive charges on their smaller central atoms, a dissociation 
mechanism would erroneously predict that they should react 
markedly more slowly than the Mo(III) or W(III) derivatives, as 
is the case for outer orbital complexes as explained above. It 
is, in addition, evident that a displacement mechanism also 
does not necessarily predict greater inertness for the Mo(III) 
or W(III) complexes if only electrostatic influences are con-
sidered. Therefore, other bonding considerations must 
be having controlling influences. 
(1) 
( 2) 
F. Basolo, Chern. Revs., 52, 459 (1953). 
F. Basolo and R. G. Pearson, "Mechanisms of Inorganic Re-
actions", John Wiley and Sons, Inc., New York, N.Y., 
1958' p. 94. 
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On such grounds, a set of consistent conclusions was 
drawnr 
(1) 
(2) 
(1) The d 0 , d~, d 2 , and d 3 central atoms all form, when 
2 3 
octahedrally coordinated, inner orbital d sp com-
plexes. This is also consistent with the fact that 
such were presumed to be of lower energy than outer 
2 1 2 
orbital sp 3 d hybrids ' • 
(2) Because these compounds are apparently reacting in a 
way not consistent with predictions based on dis-
sociation mechanisms, the primary correlating factor 
was taken to be that for an inner orbital octahedral 
complex to be very labile, an entirely unoccupied 
inner d orbital should be available for a change of 
hybridization from d2 sp 3 to d3 sp 3 , permitting the 
formation of a heptacoordinated activated species. 
When such a vacant inner d orbital was not available, 
as in inner orbital d 3 and higher cases, the complexes 
would be expected to be very much less labile, in ac-
cord with the experimental evidences, because either 
pairing or promotion of electron(s) would have to ac-
company formation of the activated species. 
F. Basolo and R. G. Pearson, "Mechanisms of Inorganic Re-
actions", John Wiley and Sons, Inc., New York, N.Y., 1958, 
p. 106. 
H. Taube, Chern. Revs., 50, 69 (1952). 
(1) 
( 2) 
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The heptacoordinated hybridizations in reasonable 
energy range arel,2: d3 sp3 , d5sp, d4 sp 2 , d4 ps, 
and d 5p 2 • The first two of these yield the geo-
metric figure obtained when a seventh addendum is 
thrust in over the face of an octahedron, displacing 
outward the three addenda already at the vertices 
of that face. [zrF7]-s ion may have this structure. 
The last three hybrids all give the figure obtained 
when a seventh addendum is thrust into one of the 
rectangular faces of a trigonal prism. This comes 
out to be the same figure obtained when say the lower 
five addenda are arranged as they are in an octahedron 
but the sixth and seventh addenda share the remaining 
vertex (the apex) of the octahedron, the line con-
necting the sixth and seventh addenda lying at 45° 
from both the x and y axes, but above and parallel 
to the xy plane. Formation of this figure from an 
octahedron requires the incoming addendum to displace 
one existing addendum halfway out of its position. 
[TaF7]-2 ion has this structure. 
The d 3 sp 3 hybridization for the activated species was 
selected for the proposed mechanism since formation of a 
H. Eyring, J. Walter, and G. E. Kimball, "Quantum Chemistry", 
John Wiley and Sons, Inc., New York, N.Y., 1944, p. 231. 
E. Cartmell and G.W.A. Fowles, "Valency and Molecular 
Structure", Academic Press, Inc., New York, N.Y., and 
Butterworths Scientific Publications, London, England, 1956, 
p. 188. 
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d5 sp or d5 p 2 hybrid would have indicated that d~ 
2 
and d complexes would have to promote or pair 
electrons to form the activated species. This would 
have involved high activation energies and would have 
~ 2 led to the erroneous prediction that d and d 
complexes should be inert. Similarly, the other 
heptacovalent hybrids mentioned above would have 
erroneously predicted inert d2 complexes. 
(3) It should be noted that use of the d 3 sp 3 hybridization 
implies that the seventh ligand comes in ~ a face 
of the octahedron. 
0 For a d complex, use of any of the above-mentioned 
heptacoordinated hybridizations is not precluded, 
of course, but the geometrical form of the resulting 
activated species may be borne in mind. 
In Terms of Ligand Field Theory: In rationalizing relative 
labilities of octahedral complexes, this theory1 ' 2 '3 fixes chief 
attention on the configuration of the central atom's d orbitals 
when unhybridized. Two of these, with lobes directed toward the 
ligands, are of higher energy than the five degenerate d orbitals 
in the gaseous ion while th.e other three are of correspondingly 
lower energy. These latter three have four coplanar lobes each, 
which are directed out through the midpoints of the edges of 
the octahedron, between each pair of ligands. 
(1) F. Basolo and R. G. Pearson, "Mechanisms of Inorganic Re-
actions", John Wiley and Sons, Inc., New York, N.Y., 1958, 
p. 108. ' 
L. E. Orgel, J. Chern. Soc., 4756 (1952). 
C. K. Jorgensen, Acta Chern. Scand., 2, 605 (1955). 
Orgel1 proposed that the high relative labilities of 
d 0 , d~, and d 2 octahedral complexes, as contrasted with d3 
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and spin paired higher systems, could be explained by a bimolec-
ular substitution mechanism in which the new ligand (having, 
of course, a pair of electrons available) enters along one lobe 
of an unoccupied low energy d orbital. This implies that the 
heptacoordinated intermediate forms when the new ligand enters 
an edge of the octahedron, yielding initially a pentagonal 
bipyramid, which is most probably the activated species. This 
process also involves minimum losses in crystal field stabiliza-
tion energy for all cases. When this mechanism is used, no loss 
of crystal field stabilization energy ("C.F.S.E.") during the 
0 ~ 2 process is indicated for d , d , or d systems, whereas, for 
3 
example, d systems would lose about (4.26 x Dq(oct.)cm.-~~ Kcal./ ( 350 em.-~ 
2 
mole in C.F.S.E. in forming a pentagonal bipyramid . 
The Fe(III) atom in the heteropoly complex has been shown 
by magnetic measurements3 to be a d5 spin-free system and the 
Cr(III) is, of course, a d3 system3. There is no crystal 
field stabilization energy for a d 0 (e.g. a Mo(VI)) system or 
5 for a spin-free d system and hence no loss of C.F.S.E. is part 
of the activation energy required for these systems, no matter 
what the geometric form of the activated complex or intermed-
iate. 
(3) 
This is also true if a dissociation mechanism is 
L. E. Orgel, J. Chern. Soc., 4756 (1952). 
F. Basolo and R. G. Pearson, "Mechanisms of Inorganic Re-
actions", John Wiley and Sons, Inc~, New York, N.Y., 1958, 
p. 109. 
L.C.W. Baker et al., J. Am. Chern. Soc., 77, 2136 (1955). 
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considered for a d0 or for a spin-free d5 system. However, 
a dissociation mechanism involving separation of an oxygen atom 
from a central atom in +6 oxidation state would require an 
electrostatic contribution to the activation energy which would 
probably be very large. This is far less true for a Fe(III) 
central atom, for which a dissociation of the FeOs would not 
require so high an electrostatic contribution to the activation 
energy. However, in the d3 Cr(III) system a dissociation mech-
anism would involve a considerable loss of C.F.S.E. (estimated 
at 2.0 x Dq (oct.) em.-~ kcal./mole for removal of one ligand) 
350 em.-~ 
as a part of the activation energy, in addition to the other 
electrostatic contribution to that activation process. 
With respect to relative ease of displacement attack on 
Mo(VI)Os, Fe(III)Os, and Cr(III)Os octahedra, the following may 
be pointed out. Both the FeOs and CrOs octahedra have occupied 
3d orbitals oriented between the midpoints of their edges. 
These impede the approach of an additional ligand to an edge, 
as a first step in a displacement mechanism. In contrast, each 
MoOs octahedron has unoccupied 3d orbitals in corresponding 
positions. The higher positive charge on the Mo atom would also 
be expected to facilitatenucleophilic attack on the MoOs octa-
hedra as contrasted with the FeOs or CrOs octahedra. Further, the 
oxygen atoms of the MoOs octahedra would be expected to be more 
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polarized, on the whole, than those of the octahedra containing 
tervalent central atoms. This should also facilitate approach 
of nucleophiles to the MoOs octahedra as contrasted with 
approach to the CrOs or FeOs groupings. Therefore, it is 
expected that displacement reactions involving oxygen atoms 
of the solvent should go much more easily for MoOs octahedra than 
for either the FeOs or the CrOs polyhedra. Of course, as 
pointed out above, displacement attack on FeOs would be much 
easier than on CrOs owing to the loss of C.F.S.E. involved 
("" 20 kcal./mole) in the latter case. 
In order to discuss the present results in light of the 
foregoing, it is also first necessary to consider the structure 
and status of paramolybdate ion and of these 6-heteropoly ions 
in the solution. 
Structure and Condition of the Paramol;y:bdate Ion: Lindqvist1 ' 2 
has determined the structure of the paramolybdate ion in 
(NH4)s[Mo7024] .4H20 crystals by structural X-r~y methods. 
ion is a discrete structural unit. The anion's structure 
illustrated in Fig. 37, upper diagram. 
I. Lindqvist, Arkiv. Kemi., 2, 325 (1950). 
I. Lindqvist, Acta Cryst., 3~ 159 (1950). 
The 
is 
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1 Sasaki, Lindqvist and Sillen have recently shown that 
the following reactions and equilibrium constants pertain for 
molybdate solutions. Their constants were determined for a system 
Reaction 
7Mo04 - 2 + 
[Mo7024] - 6 
+ H 
8H+ 
+ 
[!rMo70 24}-5 + 
""' 
c:; 
H+ 
'< 
H+-
""' 
~ [Mo7024] - 6 + 4H20 
~ [HMo7024 ]-5 
.! [H2Mo70 24] -4 
(The last species is somewhat uncertain.) 
log K 
4.08 + 0 .15 
57.7 + 0. 2 
4.33+0.02 
3.7 
The overwhelming proportion of the isopoly molybdate present 
under the conditions of the Mo exchange experiments may therefore 
be presumed to exist in unprotonated or protonated paramolyb-
date ions, for which it is most reasonable to suppose that the 
structure is the same or very similar to that existing in the 
crystals. The expected small differences resulting from lowering 
the temperature to that of the exchange experiments are in the 
direction of reinforcing the above conclusion. The differences 
.resulting from changing the ionic strength to that of the exchange 
experiments would be expected to be relatively small. 
(1) Y. Sasaki, I. Lindqvist and L. G. Sillen, J. Inorg. Nucl. 
Chern., 9, 93 (1959). 
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The preceding conclusion is also strongly supported by 
the results of light scattering measurements1 , thermometric 
titrations 2, spectrophotometric studies3, and conductometric 
titrations4,5,6. These studies show3,7 that in strongly basic 
solutions molybdate exists as Mo0 4 - 2 and upon acidification 
immediately polymerizes to [Mo70 24 ]-6 • 4 No anionic species 
containing more than one but less than seven Mo atoms appears 
to exist in any appreciable proportion. These equilibria are 
attained rapidly. 
Lindqvist has also shown3,7,8,9 that in concentrated solu-
tions between pH 2.9 and 1.5 a "tetramolybdate 11 species, 
[Mos0 2 a]-4 , forms in some proportion from the paramolybdate. 
This species may exist in some proportions in dilute solutions 
also. Its structure, as determined by single crystal X-ray 
methods9, is illustrated in Fig. 37, lower diagram. While the 
structure is essentially very similar to that of paramolybdate 
ion, it may be noted that it cannot be formed merely by adding 
one Mo0 6 octahedron to a paramolybdate structure. Any argument 
given below involving the paramolybdate structure applies equally 
well to this 11 tetramolybdate" structure, should any of that 
species be present. 
(1) L. H. Jenkins and S. Y. Tyree, Jr., Papers Presented before 
Symposium on Heteropoly Anions, National Meeting, Am. Chern. 
Soc., ,Atlantic City, N.J., September 1956. 
J. Bye, Bull. Soc. Chim. France, 9, 517 11942). 
I. Lindquist, Acta Chern. Scand., 5, 568 1951). 
L.C.W. Baker, J. Am. Chern. Soc., 77, 213 (1955). 
G. Jander, K. Jahr and W. Heukeshoven, z. anorg. Chern., 194, 
391 (1930) • 
I. Lindquist, Arkiv Kemi, 2, 349 (1950). 
I. Lindqvist, Nova Acta Regiae Soc. Sci. Upsaliensis, 15, 
1 (1950). 
I. Lindqv.ist, Acta Chern. Scand., 4, 551 (1950). 
I. Lindqv.ist, Arkiv Kemi, ~' 341 tl950). 
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Presumably, still larger anionic species exist at pH's 
below about 1.51 • The isoelectric point for isopolymolybdate 
systems is about pH 0.9, whereat hydrated molybdic oxides 
gradually precipitate. 
The Structure and Condition of the 6-Heteropoly Molybdate 
Anions during the Mo Exchange Experiments: The precise structure 
of [cr0 6MosO~s+nH2n]-s and its isomorph, [FeOsMosO~s+nHEn]-3 , 
is unknown. It is very likely that these ions have the 
Anderson-Evans structure, isomorphous with that of [Ni0 6Mo60~8Hsl-4 , 
Fig. 36, upper diagram, and Fig. 38. In all essential respects 
pertinent to this discussion, that structure does not differ 
significantly from that of paramolybdate ion. A relocation of 
two of the peripheral Mo0 6 octahedra to structurally similar 
positions serves to convert one structure to the other (upper 
diagrams of Figs. 36 and 37). 
The following arguments will be given in terms of assuming 
that the 6-molybdochromate(III) and 6-molybdoferrate(III) anions 
have the Anderson-Evans structure. It must be strongly em-
phasized, however, that the arguments and conclusions will almost 
certainly still be valid even if these anions do not have that 
exact structure. It is virtually certain that, in such a case, 
. 
their actual structure would be fundamentally very similar to 
the Anderson-Evans model with respect to all of the structural 
features essential to the conclusions. 
(l) I. Lindqvist, Nova Acta Regiae Soc. Sci. Upsaliensis, 15, 
l (1950). ---
Figure 38 
The Structure of Certain 6-Heteropoly Anions, 
Represented with Atoms Drawn to the 
Scale of their Ionic Radii. 
Compare representation of same structure in Figure 36, 
Upper Diagram, and representation of paramolybdate 
structure, Fig. 37, Upper Diagram. 
Large circles represent oxygen atoms. The six molybdenum 
atoms are hatched and have black centers. 
The central atom is hatched and drawn to the scale of 
the ionic radius of Cr+3 • 
The metal atoms lie in the octahedral interstices between 
the two layers of close-packed oxygen atoms. The loca-
tions of tetrahedral interstices are shown. Minor dis-
tortions are not indicated in this diagram. 
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• 
It has been shown herein that both of these.heteropoly 
ions are monomeric and both are quite stable, in the sense of 
magnitudes of instability constants. The cryoscopic measurements 
showed no measurable dissociation of either ion at 32°C. 
at concentrations down to 0.01 molar, even in saturated Na2S04 
solution. Aside from the high ionic strength, that medium 
would greatly increase any tendency toward dissociation, which 
+ produces H , owing to the considerable strength of so4= ion as a 
Bronsted base. The coagulation measurements of Matijevic and 
Kerker1 show that ions with a -3 charge are still present in 
solutions of the pure free acid, H3 [Cr06Mo60~ 5+nH2n], in 
respectable proportion, and possibly in overwhelming proportion, 
at concentrations of the acid down to 10-7 molar. 
It has been shown that these two heteropoly anions are 
based on X0 6 central octahedra2,3 and, on geometrical grounds, 
that a plausible monomeric structure cannot be devised using only 
21 oxygen atoms2. In fact, 24 oxygen atoms per anion are most 
probable by far, on geometric grounds. Therefore it is almost 
certain that the anions contain constitutional water (probably 
three molecules of it). This is also very strongly indicated by 
the dehydration experiments reported herein. The demonstrations 
by Agarwala4 , and also herein, that two very similar 6-heteropoly 
anions, [NiOeWeO~gHe]-4 and [NiOeMoeO~gHe]-4 , have the 24-oxygen 
(4) 
E. Matijevic and M. Kerker, J. Am. Chem. Soc., 81, 5560 (1959). 
L.C.W. Baker et al., J. Am. Chem. Soc., 77, 213o-(1955). 
C. W. Wolfe, M. L. Block and L.C.W. Baker, J. Am. Chem. Soc., 
]], 2200 (1955) • 
U. c. Agarwala, Ph.D. Dissertation, Boston University, 1960. 
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Anderson-Evans structure, exactly the same amount of constitution-
al water being included in their formulas as required by the 
complexes under discussion if they are to have that structure, 
also greatly strengthens the possibility that the two anions 
in question have structures very similar, or identical, to that 
model. It should also be noted that in all known structures 
of heteropoly anions each addendum polyhedron is involved in 
direct sharing of corners or edges with the central polyhedron, a 
situation which is energetically favorablel. 
Both in the paramolybdate ion and in all reasonable 
structures for these heteropoly anions, the oxygen atoms are in 
close-packed arrangements, the metal atoms being within the 
resulting octahedral interstices, and the tetrahedral interstices 
being vacant (e.g. Fig. 38). 
To complete the picture, attention must be directed to the 
relative sizes of the various atoms composing the polyanion 
structures, compared to the distances between their centers and 
to the probable van der Waals radii of the exterior oxygen atoms 
with reference to approach of other groups. It appears from 
crystallographic measurements2,3,4,5,6,7,8,9 of interatomic 
(4) 
L.C.W. Baker et al., J. Am. Chern. Soc., 77, 2136 (1955). 
H. T. Evans, Jr., J. Am. Chern. Soc., 70,-r55 (1948). 
H. T. Evans, Jr., Papers Presented before the Spring Meeting, 
American Crystallographic Association, Cambridge, Mass., 1954. 
N. F. Yannoni, V. E. Simmons, K. Eriks and L.C.W. Baker, 
Papers Presented before the Division of Inorganic Chemistry, 
Am. Chern. Soc. National Meeting, Atlantic City, N.J., 
September 1959. 
u. C. Agarwala, Ph.D. Dissertation, Boston University, 1960. 
I. Lindqvist, M•kiv Kemi, 2, 325 (1950); 2, 349 (1952). 
I. Lindqvist, Acta Cryst.,-5, 667 (1952).-
I. Lindq~ist, Acta Chern. Scand., 4, 650 ( 1950) • 
B. Dawson, Acta Cryst., 6, 113 (1953). 
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distances (see those recorded below) that the positive and 
negative atoms within polyanions are generally accurately 
represented as separated by the sums of their ionic radii, that 
the oxygen atoms of a polyanion are essentially close-packed 
spheres which exhibit toward one another radii which usually 
0 
approximate their ionic radii (~1.40 A~ but which range upward, 
possibly occasionally even up to oxide's van der Waals radius 
0 
(~1.65 A~. Toward groups outside the polyanion the exterior 
oxygen atoms apparently exhibit approximately the oxide 
van der Waals radius. 
Although probably not essential tothe argument below con-
cerning the exchange results, the following observations may 
be made also. It follows from the previous paragraph that a most 
important factor in determining the separation of the metal atoms 
in the polyanion is the distance between the octahedral inter-
stices among close-packed oxide ions. However, additional 
distortions are introduced in some cases, and almost certainly, 
to varying extents, in all cases, by electrostatic repulsions 
between nearest metal atoms. Thus the network of metal atoms 
may be regarded as slightly expanded1 , relative to the network 
of octahedral interstices, placing the outermost metal atoms 
to varying extents off-center in their octahedral pockets and 
closer to the complex's peripheral oxygen atoms. An alternate 
and probably better way of looking at this is to consider that 
(1) N. F. Yannoni, V. E. Simmons, K. Eriks and L.C.W. Baker, 
Papers Presented before the Division of Inorganic Chemistry, 
Am. Chern. Soc. National Meeting, Atlantic City, N.J., 
September 1959. 
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the peripheral oxygen atoms are also slightly sucked in toward 
the center of the polyanion1 because they are shared between 
fewer metal atoms than are the other oxygen atoms, and hence 
can probably have larger induced dipoles in a given direction. 
For the Anderson-Evans structure (Fig. 38), the following 
interatomic distances have been reported by Evans 2,3 for 
[TeOsMoe0l8]-s, each being an average of close values: 
0 0 0 0 
Mo-Mo = 3.31 A.; Mo-Te= 3.31 A.; Te-O = 2.00 A.; Mo-O = 2.15 A. 
For [NiOsWs0 1 8Hs]-4 , Agarwala reported the following averages of 
0 0 
close values: W-W = 3.30 A.; Ni-W = 3.30 A. Some representative 
are4 : 
0 
ionic radii (Pauling's "Crystal Radii") o-2 = 1.40 A.; 
0 
w+s 
0 
Ni+2 
0 
cr+ 3 
0 
Mo+6 = 0.62 A.; = 0.62 A.; = 0.69 A.; = 0.52 A.; 
0 
= 0.60 A. 
For the paramolybdate ion, [Mo7024}-6, Fig. 37, upper 
0 
diagram, Lindqvist reported5 the averages: Mo-Mo = 3.33 A.; 
0 
Mo-O = 2.1-2.4, avg. 2.3 A. Although the oxygen atoms were 
not determined directly, the Mo-Mo distances fixed the oxygen 
atoms' general positions, and then symmetry considerations showed 
that if the exact positions of the oxygen atoms were fixed at 
the distances given above, 28 Mo-O vectors of one kind should 
overlap and 28 Mo-O vectors of another kind should also overlap. 
Two remaining large maxima in the Patterson projection exactly 
coincided with these and were unexplainable in any other way. 
(1) 
~ ~~ 
(4) 
( 5) 
N. F. Yannoni, V. E. Simmons, K. Eriks and L.C.W. Baker, 
Papers Presented before the Division of Inorganic Chemistry, 
Am. Chern. Soc. National Meeting, Atlantic City, N. 3., 
September 1959. ' 
H. T. Evans, Jr., J. Am. Chern. Soc., 1Q, 155 (1948). 
H. T. Evans, Jr., Papers Presented before the Spring Meeting, 
American Crystallographic Association, Cambridge, Mass., 1954. 
A. F. Wells, "Structural Inorganic Chemistry", Second Ed., 
Oxford University Press, New York, N.Y., 1950, p. 70. 
I. Lindqvist, Arkiv Kemi, ~' 325 (1950). 
Similarly, for paratungstate anion, [H~ 0 W~ 204 e]-~o, 
Lindqvist1 found ten pairs of tungsten atoms within adjacent 
WOe octahedra which share edges. Each of these W-W distances 
0 
was 3.3 A. All of the oxygen atoms were in close-packed ar-
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0 
ray. Twelve W-0 distances, averaging 2.2 A., were determinable 
for octahedra involved in edge sharing. 
Probably the best information about the effective size 
of the oxygen atoms in these kinds of complexes comes from 
the recent determination2 of all the atomic positions in 
the [co+304W~ 20se]-s anion. In the potassium salt used, each 
heteropoly anion is between two other heteropoly anions. 
The closest approach of centers of oxygen atoms between two 
0 0 
adjacent complexes is 3.67 A. (+ 0.1 A.). For W atoms in 
WOe octahedra which share edges, the W-W distances vary from 
0 0 
3.31 to 3.33 A. The W-0 distances average 1.93 A. but show 
wide variation owing to distortions of the type mentioned 
above. That is, the W atoms may be regarded as off-center 
in their octahedra, displaced away from the center of the 
I. Lindqvist, Acta Cryst., 2, 667 (1952). 
N. F. Yannoni, V. E. Simmons, K. Eriks and L.C.W. Baker, 
Papers Presented before the Division of Inorganic Chem-
istry, Am. Chern. Soc. National Meeting, Atlantic City, 
N.J., September 1959. 
heteropoly complex. One may consider that the peripheral 
oxygen atoms suck the tungsten atoms considerably outward, 
and the tungsten atoms pull those exterior oxygen atoms 
somewhat inward, until the resulting distances between tung-
sten atoms and peripheral oxygen atoms become very short. 
0 
The shortest W-0 distance is 1.43 A.,while the longest (to 
0 
an interior oxygen atom) is 2.49 A. Such distortions are ex-
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hibited by every W0 6 octahedron in the structure. The interior 
0 
co+3 -0 distances are all 1.88 A. The 0-0 distances between 
0 
the four interior oxygen atoms vary from 2.69 to 3.31 A., 
a Jahn-Teller distortion contributing to this variation. Each 
of those oxygen atoms forms part of three W0 6 octahedra as 
well as of the Co04 tetrahedron. 
The electronegativity differences between the atoms within 
heteropoly anions give some further support for visualizing 
the structures primarily in terms of ionic radii. According 
to such a treatment the "per cent ionic character'' of the bonds, 
as calibrated against dipole moments of hydrogen halide mole-
cules, should probably be similar to, possibly somewhat more 
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than, that existing for the Si-0 bonds in silicates (37% ionic). 
The uncertainties of estimating and applying electronegativity 
coefficients for atoms like Mo+6 and w+6 make such calcula-
1 tions somewhat approximate • 
The foregoing paragraphs show that Figure 38 gives an 
essentially accurate picture of a 6-heteropoly anion, although 
it does not record minor distortions, the oxygen atoms being 
essentially close-packed and in "contact" with one another or 
very nearly so. The paramolybdate anion has essentially the 
same type of structure. 
c) What the Mo Exchange Results Contribute: The 
exchanges of the molybdate addenda of these polyanion complexes 
are very different in some fundamental respects from previously-
studied exchanges of ligands or central atoms of conventional 
coordination complexes, because each Mo atom is itself a central 
atom in its own octahedron, most of the (oxygen) atoms of which 
are also coordinated to other metal atoms, and because the 
atomic species which exchanges is not directly bonded to the 
tervalent central atom. 
(1) M. Haissinsky, J. Phrs. Radium, IL 7 (1946); J. Chern. 
Phys., 15, 152 (1947 . 
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+6 The Mo -0 bond energy is probably quite high. The 
Dq 1 s of the several heteropoly transition metal complexes 
which have been measured are generally in similar range to, 
but a little higher than, the Dq's of the hydrates of their 
corresponding central atoms. Therefore the charge behavior of 
the shared oxygen atoms is in similar range to that of the 
oxygen atoms of coordinated water. Coordinate bond energies 
of hydrates may be fairly accurately calculated by evaluating 
ion-permanent dipole attraction, ion-induced dipole attraction, 
1 dipole-dipole repulsion, and van der Waals' repulsions . As 
thecharge on the central atom increases, the ion-induced dipole 
term increases markedly. For example, the total energy per 
Fe-0 bond for Fe(H20) 6 +2 is calculated to be 50 Kcal. while for 
Fe(H 20) 6 +3 it is 109 Kcal. The ionic radius of Mo+6 is very 
nearly the same as that of Fe+ 3 and so the energy per Mo+6 -0 
bond is presumably quite large. This is further illustrated 
by comparing the heats of hydration for ce+ 3 , ce+4 , sn+2 and 
2 These values at 25°C. are , respectively, 837 Kcal., 
1542 Kcal., 374 Kcal., and 1827 Kcal. 
The polarizability of the more highly shared oxygen atoms 
toward a given metal atom may be somewhat reduced, however. 
(1) 
(2) 
F. Basolo and R. G. Pearson, "Mechanisms of Inorganic Re-
actions", John Wiley and Sons, Inc., New York, N.Y., 
1958, p. 48-51. 
ibid., p. 66-67. 
Greater polarizability in only one or two directions 
probably helps account for the above-noted strong attachments 
between the Mo or W atoms and the peripheral, less shared 
oxygen atoms of a polyanion. 
In the 6-heteropoly anion structure every Mo0 6 octahedron 
has: (a) two peripheral oxygen atoms which it does not share 
with other metal atoms, (b) two oxygen atoms each of which it 
shares with different Mo atoms, and (c) two oxygen atoms each 
of which it shares with the central atom as well as with dif-
ferent Mo atoms (see Fig. 38). Therefore, when a Mo atom is 
removed from the polyanion structure, no matter in what sort 
of unit, at least four Mo+6 -0 bonds have to break. 
If the coordination number of the Mo changes from six 
to four during the process of its removal from the polyanion, 
the Mo might be removed as a Mo04 tetrahedron. The energy 
required for, or available from, the change of coordination 
number is unknown. It seems unlikely that it would be suf-
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fi i t t id f t f f Mo+6 -0 b d th h c en o prov e or rup ure o our on s, even oug 
the oxygen atoms may approach a little closer to the Mo atom, 
on the average, when the latter is in a tetrahedron rather than 
in an octahedron. 
It may be noted that simple oxyanions of the transition 
elements generally exchange oxygen atoms with aqueous solvent 
very slowly1 Outstanding exceptions are Cr 2 o7 =, molybdate, 
(1) D. R. Stranks in J. Lewis and R. G. Wilkins (Editors), 
"Modern Coordination Chemistry", Interscience Publishers, 
Inc., New York, N.Y., 1960, p. 112. 
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and presumably tungstate. probably exchanges rapidly 
because its equilibrium with Cro4= must involve solvent. 
Cr04= has t1j2 = 4.5 hrs. at 20°C. in neutral solution, but 
exchange is immeasurablymow in 1M NaOH1 • The results herein 
indicate that molybdate, at least in pH ranges where octa-
hedrally coordinated polymolybdates predominate, exchanges 
oxygen atoms rapidly. The only other data for molybdate and 
tungstate 2 show that their exchanges were complete in basic 
solution after one hour at 100°C., but they may be very much 
faster. It may be noteworthy that these latter two exceptions 
to the general rule, i.e., molybdate and tungstate, are both 
+ involved in polymerization equilibria with H ions in which their 
coordination numbers probably change from four to six. 
It is most probable that simple orthomolybdate exists in 
= solution as Mo04 tetrahedra, rather than as octahedral 
[Mo0 8 H4]-2 . Thus some anhydrous salts precipitate from basic 
3 solutions, e.g. Ag 2Mo04 • Tetrahedral Mo04 groups have been 
found by X-ray structure determination in several simple molyb-
dates obtained from solution, e.g. Ag 2Mo043, BaMo04 , PbMo04 , 
CaMo04 4 , LiLa(Mo04) 2 , and NasBi(Mo04)4 5 • Li2Mo04•3Na 2Mo04·12H20 
has been reported to be isomorphous with the corresponding 
6 
compounds containing S, Se, Cr, and W in place of the Mo. 
(1) 
( 2) 
}~~ ~ 5) 
(6) 
E.S.R. Winter, M. Carlton and H.V.A. Briscoe, J. Chern. Soc., 
131 (1940) • 
N. F. Hall and 0. R. Alexander, J. Am. Chern. Soc., 62, 3455 
(1940). 
R. Wyckoff, J. Am. Chern. Soc., 44, 1994 (1922). 
L. Vegard, Skr. Norsk. Vid. Ak.()slo I kl. (1925) No. 11 
L. G. Sillen and H. Sundvall, Arkiv Kemi, Mineral. Geol. 
A 17 (1943), No. 10. 
P. Groth, Chern. Kryst., £, 368 (Leipzig) (1908). 
2W 
An Unlikely Mo Exchange Path: If change of Mo's coordina-
tion from six to four can provide about enough energy for rupture 
of two Mo+6 -0 bonds, which seems unlikely, then a Mo04 unit could 
be expelled from the polyanion without addition of solvent 
oxygen atoms to the structure, by leaving one other Mo atom in 
the structure in a Mo04 tetrahedron which shares an edge with the 
central octahedron and an edge with an adjacent Mo0 6 group. A 
second and even a third Mo04 could be similarly expelled, leav-
ing a unit consisting of three Mo04 groups each sharing an edge 
with the central X0 6 • Beyond that point, however, further de-
tachment of Mo04 groups is impossible without adding solvent 
oxygen to the structure, because the overall reaction consumes 
six moles of water: 
Such a final breakup of the complex is not necessary to explain 
the fast Mo exchange, however. This represents a path which 
involves no addition of solvent oxygen atoms. 
This path appears very unlikely for the following reasons: 
(1) It is doubtful if two Mo atoms changing coordination could 
alone provide about enough energy for rupture of four Mo+6 -0 
bonds. (2) Most important, the pH dependence of the Mo exchange 
rate would not be as found, but would be expected to go in the 
opposite direction. This is clear from the discussion below of 
the pH dependence. (3) Stable polymolybdate species involving 
tetrahedral Mo04 coordination have never been detected for 
compounds derived from aqueous solution. (4) The mechanism 
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would not indicate any exchange with solvent oxygen atoms. (5) The 
mechanism would be far less likely to account for the NlOO-fold 
difference in Mo exchange rate between the ferric'and chromic 
complexes than the mechanism proposed below. 
It should also be pointed out that even if this mechanism 
holds, the important conclusions given below about the relative 
exchange rates of the Fe and Cr complexes would still probably 
be applicable. 
The Mechanism which Appears Most Probable: In view of the 
above it appears most probable that a displacement mechanism 
involving oxygen atoms from the solvent is operating during 
the separation of an Mo atom from the complex, with respect to 
the oxygen atoms of the Mo0 6 octahedra, in both the paramolyb-
date and the heteropoly molybdate. However, from the point of 
view of the Mo atom which is being removed from say the Cr:6Mo 
species, it seems likely that the initial process is a dissocia-
tion to form a Cr:5Mo intermediate, rather than a direct attack 
of a molybdate anion on the Cr:6Mo anion. Geometrically, it 
is difficult to envisage a plausible form of attack by molybdate 
on the heteropoly structure. Similarly, one Mo polyhedron 
probably initially dissociates from a paramolybdate leaving a 
6Mo unstable species, although with respect to oxygen atoms 
that process involves a diiplacement by solvent oxygen atoms. 
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It is not geometrically feasible to have fewer than two 
Mo-O bonds breaking (accompanied by formation of two new Mo-O 
bonds by addition of solvent oxygen atoms) almost simultaneously. 
That is, the possibilities for stepwise breaking of the four 
Mo-O bonds are limited in such a way that at least two such 
bonds must rupture almost simultaneously while corresponding 
bonds form with solvent oxygen atoms. 
The interpretation that the 6-heteropoly and paramolybdate 
complexes can, in aqueous solution, each drop off a Moo 4 = 
tetrahedron with relatively small activation energy is supported 
by the previously-mentioned rapidly-attained, well-known 
equilibrium investigated quantitatively by Sasaki, Lindqvist 
I 1 
and Sillen : 
7Moo4= + 
It is also supported by the observation in the present work 
that the 6-molybdonickelate(II), of very similar if not identical 
structural type to the 6-molybdates used, dissociates in a 
manner consistent with: 
- + 6Mo04 - + 6H ; log K = 31 + 1.5 
This dissociation will be discussed in the section on ionic 
weight determination. The quick basic degradations 2 of the 
6-heteropoly molybdates used also support the interpretation. 
(1) 
( 2) 
Y. Sasaki, I. Lindqvist, and L. G. Sill~n, J. Inorg. Nucl. 
Chern., 9, 93 (1959). 
L.C.W. Baker et al., J. Am. Chern. Soc., 77, 2136 (1955). 
It must also be borne in mind that there must be an extra 
particular stability, which an activation energy would have to 
overcome, associated with the 7-Mo structure of paramolybdate 
and the 6-Mo structures of these heteropoly species. This is 
shown by the fact that no isopoly species having more than 
one but less than seven Mo atoms has been detected in aqueous 
solution. Similarly, there is no evidence for the existence 
of stable heteropoly species having ratios of MotCr or Mo:Fe 
other than 6:1. Thus, when one Moo4 = dissociates from such a 
complex, there must be an overall energy drive (as distinct 
from activation energy) toward reformation of the complex by 
capture of a Mo0 4 =, in a medium of the pH used. Also, the 
energy to remove the first Mo is probably greater than the 
energy to remove succeeding Mo's from a partially dissociated 
complex. 
Since at least two solvent oxygen atoms have to be 
added during the expulsion of a Moo4 - 2 unit, it follows that 
formation of a heptacoordination about one Mo is probably not 
sufficient as an activation step, since at least one more 
Mo+6 -0 bond would then have to dissociate. 
Formation of a species with a heptacoordinated Mo, by 
entry of an oxygen atom into a face of the Mo0 6 octahedron, in 
accord with valence bond theory, seems geometrically possible 
provided the face attacked is one of those forming the edge of 
the heteropoly ion (Fig. 38), but attack via a face parallel 
to the plane of the heteropoly complex seems more unlikely 
because too many oxygen atoms of the complex would have to 
be displaced. In any case, formation of the heptacoordinated 
species would be insufficient to enable a Moo4 = to split out. 
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However, if two adjacent MoOs octahedra became heptacoordinated 
simultaneously, a re-arrangement to split out Mo0 4 - is easy to 
visualize. 
Similarly, heptacoordinated Mo atoms can be formed by 
attack via an edge of a MoOs octahedron. In this case, several 
edges are available for attack and it is easy to envisage 
simultaneous, or nearly simultaneous, entry of two oxygens, 
either into one or into adjacent MoOs octahedra, in such a way 
= that a Mo04 group is conveniently squeezed out. The oxygens 
may enter from the edge, top or bottom of the polyanion. 
Probably they avoid those positions on top and bottom of the 
heteropoly anions where occupied d orbitals from the Cr or Fe 
project. 
It has been mentioned that formation of a heptacoordinated 
central group is energetically much less likely on several 
grounds than formation of a heptacoordinated Mo atom. It is 
also seen that initial formation of a heptacoordinated central 
atom is much less likely geometrically since many more oxygen 
atoms would have to be displaced. Each oxygen atom of the 
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central XOs is also attached to two other Mo atoms. Displace-
ment attack by solvent oxygen atoms on the central XOs group 
may contribute a little to the ease of Mo exchange in the case 
of the Fe complex, but it will contribute practically nothing to 
the Mo exchange with the chromic compound. 
This leads to a most important inference: The fact that 
the Mo exchanges more rapidly with the ferric complex than with 
the chromic complex is not primarily a result of the greater 
ease of displacement attack on the FeOs and consequent easier 
Fe-0 bond rupture, as contrasted with the CrOs. Even if attack 
on the FeOs were as easy as attack on the MoOs and even if 
substitution of the oxygen atoms attached to the iron were as 
easy as substitutions involving the other MoOs oxygen atoms, 
the Mo exchange rate for the iron complex might be expected to 
be only in the range of 1.5 to 2 times that of the chromic 
complex, on the basis of the greater ease of making and 
breaking Fe-0 bonds (since for each MoOs only two of the six 
oxygen atoms are attached to the central octahedron). In 
actuality, the Fe complex exchanges its Mo approximately 100 
times as fast as does the Cr complex (at 0°C. 80% complete in 
less than 1 minute versus a half-time of 35 minutes at the same 
concentrations and pH) . 
The difference is therefore accounted for on the basis 
of the greater rigidity and compactness which C.F.S.E. imparts 
to the CrOs octahedron as contrasted with the flexible un-
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stabilized Fe0 6 group. The fact that the Fe0 6 octahedron 
can be very readily distorted makes solvent oxygen attack 
on most sites (edges, faces) of all the Mo0 6 octahedra much 
easier. Distortion of the complex by the two entering oxygen 
atoms is necessary for the exchange process described. 
This is the first time that the factors of flexibility 
and compactness of the polyhedron could be separated from the 
factor of ease of bond breaking and forming. This separation 
is possible using a heteropoly complex because the atom 
for which exchange is being measured is not directly attached 
to the central atom. The results may emphasize the relative 
importance of the rigidity provided by C.F.S.E. in simple ex-
change processes. 
The compactness and rigidity of the Cr0 6 octahedron as 
contrasted with the Fe0 6 results from the large C.F.S.E. of the 
former. Firstly, the six oxygen atoms of the Cr0 6 group are 
moved in tighter to the central atom than they are in the case 
of the Fe complex, which has no C.F.S.E. This movement occurs 
because a lower total energy is thereby attained. The movement 
increases the crystal field splitting, placing the three oc~ 
cupied d orbitals of the Cr at lower energy. Secondly, the 
large C.F.S.E. acts to prevent distortions of the CrOe octa-
hedron, whereas the unstabilized Fe0 6 octahedron can be dis-
torted relatively easily. Thirdly, the C.F.S.E. of the Cr0 6 
group acts to prevent dissociation of that octahedron, 
whereas, so far as the central atom is concerned, the FeOs 
octahedron may dissociate more easily and might possibly 
thereby make it easier for a Mo group to be expelled from the 
complex. 
The latter possibility seems more complex and less sig-
nificant than might appear at first glance, since each oxygen 
of the FeOs is simultaneously attached to another Mo+s as 
well as to the Mo being expelled. Therefore it should not 
be very easy to dissociate that oxygen from the Fe unless 
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still another solvent oxygen simultaneously enters the coordin-
ation of the second MoOs. In such a case a total of two solvent 
molecules would be entering MoOs octahedra and the energy 
requirements would appear to be greater than those involved 
when an Mo0 4 = dissociates away from the Cr complex, entry of 
two solvent oxygens into MoOs groups also being required for 
that case. 
The spherical symmetry of the spin-free d 5 Fe makes sub-
stitution attack on the FeOs much easier than on the CrOs. 
The formation of a seventh Fe-0 bond, accompanying the rupture 
of an older Fe-0 bond requires no contribution to C.F.S.E., 
since the new bond is equally unfavorable with the old one, 
owing to the symmetry of the d orbitals, each of which is singly 
occupied. Such attack on a CrOe requires very high activation 
energy since a d electron would have to be promoted by lODq to 
allow the new bond to form. 
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18 As mentioned previously, 0 exchange studies are indicated 
for future work. 
The Improbability of a Dissociation Mechanism Within the 
MoOs Octahedra: The present fast Mo exchange results strengthen 
direct support, hitherto rather meagre, for the postulate that 
d0 complexes exchange by displacement reactions, as implied in 
the theories above, rather than by dissociation reactions. 
0 Since simple d complexes characteristically exchange very fast, 
direct evidence for a displacement mechanism has consisted only 
of such observations as those cited previously, e.g. that 
W(III)X6 (d 3 ) complexes exchange slowly while W(VI)X6 (d 0 ) com-
plexes exchange rapidly. This would be contrary to expectation 
if dissociation mechanisms held for both, wherein breaking of a 
w+ 6 -X bond would require a higher contribution of electrostatic 
energy than breaking a w+ 3 -X bond. But, for the purpose of 
showing that d0 octahedral complexes exchange by displacement 
reactions, reinforcement of such evidence is obviously highly 
desirable. The present results provide strong reinforcement for 
the same line of reasoning without, however, providing a con-
clusive argument either. For a simple Mo(VI)X6 complex to exchange 
X by a dissociation mechanism would require initial rupture of 
one Mo+ 6 -X bond, which has been seen as improbable; but for a 
Mo atom to leave the 6-heteropoly structure, or the paramolybdate 
structure, via a mechanism of initial dissociation of the 
Mo-O bonds, would require at least two Mo+ 6 -0 bonds to break 
prior to formation of other bonds. This probably puts the 
electrostatic energy requirement for the activation energy 
very high indeed, making exchanges of the observed fast rates 
seem exceedingly improbable by such a mechanism - many times 
more improbable than for the case of a simple complex. 
A further indication of support for the elimination of a 
dissociation mechanism for the d 0 Mo0 6 groups may possibly be 
found in the fact that the Cr complex exchanges Mo (at 0°C.) 
much more slowly than does the Fe complex. If a dissociation 
process involving the initial breaking of more than one Mo-O 
bond were easily possible, there would be plenty of ways to 
remove any Mo atom from any of the structures. In such a 
case one would not expect that the Mo exchange with the Cr 
complex would go markedly slower than with the Fe derivative. 
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Dependence of Mo Exchange Rate on pH: The slower exchange 
at greater acidity probably results primarily from the hin-
+ derance which greater H ion concentration would be expected to 
exert on the splitting out of a Moo:, HMo04-, H2 Mo04 , or octa-
hedrally coordinated Mo group from the heteropoly anion. All 
reasonable reactions, involving the addition of water molecules 
to the structure, also involve the necessity for protons to be 
plucked off the products. A most likely example of such a 
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reaction is: 
2H20 + [crOsMosO~s+nH2n}-s~ ~r0sMosO~s+nH2n]-5 + H2Mo04 + 2H+ 
(unstable hypothetical 
intermediate) 
Such a proqess would be more hindered at dec~eased pH. Al-
ternatively, one may consider attack by OH- as essential; but 
this amounts to making the same point with different words. 
It is important to note that the process, mentioned above, 
of dissociating a Mo04 - 2 away from the heteropoly anion without 
attack of solvent oxygen atoms on the complex (by means of 
having one of the five Mo atoms which remain attached to the 
central atom assume tetrahedral coordination), should not be 
+ hindered by increased H concentration, but rather aided by it. 
The Moo4 - 2 product would be much more effectively removed at 
lower pH. Therefore the observed pH dependence greatly 
strengthens the presumption that~tack by solvent oxygen atoms 
must accompany the expulsion.of a molybdenum polyhedron. 
Consider, for example, the Mo exchange in the case of the 
chromic complex. Only a small prorportion of the heteropoly 
anion is dissociated. There is a large concentration of 
paramolybdate plus protonated paramolybdate ([MorQ 24]-s, 
[HMoT0 24]-s, and ~2Mo70 24}-4 ) and a large concentration of 
H+. There will be trace concentrations of fragments from the 
polyanions, including such species as HMo04 -, Moo4 - 2 , and 
Cr(H20) 6 +3 • (The relative slowness of the Cr5 ~ exchange rate 
shows that the heteropoly anions rarely dissociate all the 
way down to hydrated chromic ion during the Mo99 exchange.) 
. 
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The rate of exchange of fragments with the various paramolybdate 
species is not the limiting factor in determining the exchange 
rate because the Mo exchange between paramolybdate and 6-molybdo-
ferrate(III) was very fast under identical conditions. There-
fore, in the Mo exchange with the Cr complex, only the rate of 
dissociation of Mo away from the chromic heteropoly anion 
(accompanied by attack of solvent oxygen atoms) will be the slow 
step which determines the exchange rate, unless attack by 
molybdenum species on the heteropoly complex is envisaged. As 
stated previously, such attack seems unlikely on structural 
grounds. (If such an attack by small molybdate fragments, e.g. 
HMo04 -, on the heteropoly species were a rate-determining step, 
the pH dependence could also be in the direction observed, since 
such fragments would be increasingly repressed into paramolybdate 
as the pH was lowered.) 
Miscellaneous Points: One may consider the heteropoly 
structure as a polydentate ligand from the point of view of a 
given Mo atom or central atom. Therefore these exchanges are 
among the first very fast polydentate exchanges to be reported. 
Similarly, one may consider the polyanion structure as a 
polynuclear complex. Again, these are among the first very 
rapid exchanges of nuclei of polynuclear complexes. These 
novelties result primarily from definitions and, more realistic-
ally, they merely emphasize some distinctive characteristics of 
heteropoly anions. 
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More significant is the fact that the 6-molybdochromate(III) 
is probably the first known very labile chromic complex. 
d) The Cr5 ~ Exchanges between [Cr5 ~(Hg0) 6}+3 and 
[crOeMoeO~stnH2n]-3 : The Cr+3 -0 bond is generally inert. The 
Mo* 6 -0 bonds in this complex are very labile as shown in the 
preceding section. The H-0 bonds in hydrated chromic ion are 
labile~ as shown by the rapid attainment of mononuclear 
hydrolysis equilibria. 
In this unusually rapid exchange of chromic ion, tl/2 
ranged from 4.3 min. to 45 min. depending upon concentrations. 
This contrasts sharply, for example~ with t1j2 of 40 hrs. 1 ' 2'3 
found for the exchange of o18 between [cr(H20) 6]*3 and H20 
in 0.13M HC104 at 25°C., conditions which are similar to those 
of the present experiments. 
Therefore it is proposed that the Cr0 6 exchanges as a unit, 
with the Cr-0 bonds generally unbroken. It is believed that 
this is the first example reported of such an exchange by a 
MOn unit. Recently Murmann and Taube4 showed by o18 tracer 
studies that the co* 3 -0 bond does not break when various 
[coY5 H2o]+n complexes are converted to [co~sONo]+(n-l) (nitrite) 
complexes. 
~~~ (3) 
(4) 
J.P. Hunt and H. Taube, J. Chern. Phys., 12, 602 (1951). 
R. A. Plane and H. Taube, J. Phys. Chern., 56, 33 (1952). 
R. A. Plane and J. P. Hunt, J. Am. Chern. Soc., 79, 3343, 
(1957). -
R. K. Murmann and H. Taube, J. Am. Chern. Soc., 78, 4886 
(1956). -
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Dependence of Cr Exchange Rate on pH: The Cr exchange 
was also found to be pH dependent. The rate decreases when pH 
is increased from 1 to 2. The dependency of exchange rate 
on pH is not the result of varying extents of hydrolysis of the 
chromic ion. That variation is in the wrong direction to ex-
plain the changes in exchange rate. (Compare second, third and 
last columns of Table 7, Chapter II, Section K, 2, d and Table 5, 
Chapter II, Section K, 2, b.) The proportion of unhydrolyzed 
chromic ion changed only from about g8.7% to about 99.8%, 
but the exchange went much faster when the smaller proportion 
of hydrolyzed species was present. 
It is also of interest that the variation in Cr exchange 
rate with pH may not be directly accounted for by variation 
in the Mo-O lability with pH. At 0°C. the Mo exchange with 
the Cr complex went much faster at pH = 4.75 (tl/2 = 1 min.) 
than at pH = 2.5 (tl/2 = 35 min.). 
Not only is the pH dependence in opposite directions for the 
Mo and Cr exchanges with 6-molybdochromate(III), but it must be 
noted that the Mo exchanges are very much faster than the Cr 
exchanges under very similar conditions, the former probably 
being complete in less than 0.5 minute in all cases. Therefore, 
in the Cr exchange experiments, while the Cr was exchanging 
relatively slowly, the Mo was simultaneously exchanging very 
rapidly between heteropoly complex and all other molybdate species 
present (dissociation products of the heteropoly anion). 
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Expulsion of a small number of molybdate groups from a 
heteropoly anion is hindered by high ~ concentration, as shown 
in the paragraphs explaining the pH dependence of the Mo ex-
change. In the Mo exchange process, a chromic ion in a heteropoly 
complex must only rarely be stripped of all its molybdate groups, 
otherwise the simultaneous Cr exchange would be of similar speed 
to the Mo exchange. Therefore it is most probable that some 
short-lived intermediate exists in traces which consists of a 
chromic ion complexed to fewer than six molybdate addenda, and 
that this species is such that its complete dissociation to yield 
simple Cr(H 2 0) 6 +3 is favored by increasing H+ concentration. A 
very plausible reason why decreasing pH favors such a final dis-
sociation stage is easily seen when it is recalled that besides 
Cr(H2 0) 6 +3 the other products of that final dissociation step 
would be small molybdate species (e.g. HMo0 4 -). + Increasing H 
concentration would remove these by repressing the paramolybdate 
equilibrium: 
+ 
This removal would favor the dissociation of the unstable 
molybdochromate intermediate to yield Cr(H 2 0)s+3 , and hence favor 
the exchange. 
It is to be noted especially, in connection with the rate 
laws discussed below, that the H+ concentration would, according 
to the above, only exert a major influence on the term in the 
rate law which was otherwise first order with respect to hetero-
poly species. Also, since the constant for the equilibrium equa-
tion in the preceding paragraph is so large and since that 
equation shows that one H+ ion polymerizes nearly the amount of 
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molybdate coming from one heteropoly anion, the term which 
depends on the H+ ion concentration in the final rate law might 
well approximate k ~}[H+] wherein A = the heteropoly species. 
(See discussion below concerning Fig. 40a.) 
Rate Law at Nearly Constant pH: For the results in solutions 
to which 0.0860 moles per liter of HC10 4 had been added, various 
rate expressions were tried in a search to find a fit with the 
data. It was assumed, as a first approximation, that the pH 
was constant, an assumption which the data in Table 7 (Chapter II, 
Section K, 2) indicate is probably nearly true. The best fit 
resulted from use of the expression: 
R = K~ [A] + K 2 [A 1 [B 1 
wherein [A1 =molarity of [crOsMoeO~s+nH2n]-s and [B] = 
molarity of [cr(H20)s]+s. 
The first term of this expression implies that the slow 
step for one path of the Cr exchange reaction is a dissociation 
of the heteropoly complex, or, as seen above, of a Cr-Mo 
complex which is rapidly formed from the heteropoly anion. The 
simplest explanation for the second term is that the exchange 
reaction can also proceed via a second path involving a bimol-
ecular reaction in which a heteropoly complex comes into contact 
with a chromic ion. 
If the rate law given above holds, a plot of R/~] versus 
[B] should give a straight line. Such a plot of all data is 
given in Fig. 39. The best straight line was drawn through 
the points and from its intercept K~ was determined as 1.4 x lo-2 
min.-l. From the slope of the line, K2 was determined as 
4 x 10-l liter mole-l min.-l. 
Superficial examination of Fig. 39 indicates that, 
for the scales chosen, the divergence of the experimental 
points from the best straight line is within quite acceptable 
limits for this sort of data. However, the divergence of 
the points probably does not result from experimental errors, 
unless they are subtle systematic ones, because duplicate 
experiments always gave points which fell on top of one an-
other. This indicates that some other factors are probably 
involved. Inconstancy of[~] is probably the major one. 
Also, of course, to make this plot one has to assume that 
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the concentrations correspond to the stoichiometric added quan-
tities, which is probably only approximately true. 
Figure 39 
Kinetic data for Cr5 ~ exchange between [crOsMo60~s+nH2n]-s 
(represented as A) and [cr(H2 0) 6]+3 (represented as B). 
Plotted to illustrate conformity with the expression R = k~~] + 
k2 [A] [B]. 
Temperature 29.5°; f= 0.446; [w] ,__· 0.0860 
Ordinate: 
Abscissa: [B J 
Data are recorded in Chapter II, Table 6. 
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It was supposed that one possible explanation for this 
moderately small but reproducible divergence of the experimental 
points from a straight line could lie in the fact that maintenance 
of constant ionic strength, by addition of various amounts of 
NaGl04 , might not actually maintain nearly constant activity co-
efficients for the various species present in the concentration 
ranges used. Since one of the ions was +3 in charge and 
another was very large in volume and of -3 charge, it was 
reasonable to expect that making solutions up to equal ionic 
strengths would not actually maintain almost constant activity 
coefficients for the species present. Therefore additional data 
were cGllected for five points for which[A} + [B} =a constant. 
All other factors were as for the other data expressed by Fig. 
39. These data were: 
Set of Expts. 
Ccr(H202s)+s =~] [crOsMosO~s+nH2nl-3 (Table 6} 
18 0.01 M 0.05 M 
12 0.02 0.04 
23 0.03 0.03 
13 0.04 0.02 
22 0.05 0.01 
The kinetic results for these points are plotted in Fig. 
40 in the same fashion as for the other data in Fig. 39. 
If the possibilityrrentioned immediately above were a suf-
ficient explanation for the divergence of experimental 
points from a straight line in Fig. 39, then 
=~] 
Figure 4-0 
Same data which appear in Fig. 39, but in-
cluding only those runs in which the total of [A]+ 
(_B]= 0.06. 
The straight line drawn hereon has no sig-
nificance except to make it easier to see the 
divergences of the experimental points. 
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it would be expected that the points in Fig. 40 would follow 
some uniform curvature. Such is apparently not the case and 
so it seems probable that other factors were causing the 
reproducible divergence of data in Fig. 39. Nevertheless, it 
would appear that the reasonable fit of the data to the rate 
law discussed above ought not to be easily dismissed at this 
stage. Small changes in[H+Jand other concentrations, caused 
by establishment of equilibria, might easily account for the 
divergence of data in Fig. 39. 
The rate law discussed above is offered tentatively be-
cause it comes reasonably close to reconciling all the data 
while the other rate laws tried do not. However, it is 
obvious that this rate law provides only a ·partial understand-
ing, even for constant pH. 
Because the pH scale at its extremes is relatively 
insensitive to moderate changes in[H+} , the apparent constancy 
of pH in the kinetic experiments at pH ~ 1 may leave room 
for a sufficient variation in [H+} to explain the spread of the 
data illustrated in Fig. 39. On the other hand, the amounts 
of HC104 (and all other substances) added are known very accur-
ately, as are the volumes. The data on exchange rates are 
particularly excellent and reproducible for this type of experi-
ment (see Figs. 19-35). 
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This offers some hope that a more complete and exact 
interpretation may be obtainable by using the IBM-650 elec-
tronic computer to perform successive approximations on all 
data and sets of equations expressing all reasonable relation-
ships in the solution. 
Simultaneous equations (13 in number) expressing all of 
these stoichiometrically interrelated conditions may be used 
with the data. Successive approximations might yield reasonable 
K's for the equilibrium and rate constants, and a good fit of 
data be obtained. If necessary, similar approaches could test 
various rate laws. 
This calculational approach is currently underway. It 
might yield accurate rate constants, dissociation constants, 
and better comprehension of the exchange process. 
The existence of a second order term might suggest exist-
ence of an ion pair equilibrium between the +3 charged chromic 
ion and the -3 charged complex. The molybdates might rearrange 
around the chromium atom within the ion pair. Some attempts 
were made to make the data demonstrate or disprove the existence 
of 1-1 ion pairs, but no conclusion could be drawn except that 
such ion pairs probably do not form almost quantitatively in 
these solutions. 
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A combination of the rate law discussed above for con-
stant pH and the postulates given above, at the end of the 
discussion of pH dependence of the Cr exchanges, suggested 
that the overall rate law might be: 
R = k 3 [A][H+1 + k2 [A] [B} 
wherein K3 [H+] = the k~ of the rate law at constant pH. 
Only three experimental points were taken involving different 
pH's. These are recorded in Table 7. The total [H+J varia-
tion was about eight-fold. If the above rate law holds, a 
plot of R/~1 [B} versus [H+];[BJ should give a straight line. 
Its intercept should be k 2 • Such a plot is given in Fig. 40a. 
The indicated value for k2 = 1.7 x 10-~ liter mole-~ min.-~ 
which compares reasonably with the value of 4 x 10-~ liter 
mole-~ min.-~ obtained from the slope (which is rather un-
certain) of the line shown in Fig. 39. Similarly, a plot of 
R/[A] [II+] versus [:s]/ [H+J gave a straight line with intercept 
= k 3 = 1.5 x 10-~. Since k 3 [H+J = k~, this yields k~ = 1.3 x 
10-2 min.-~, which corresponds well to the value 1.4 x 10-2 
min.-~ obtained from the intercept of Fig. 39. 
+ This treatment of the kinetic role of H is based on only 
three points and therefore provides only an indication of the pos-
sible kinetics. It should not be regarded as proving anything ex-
cept the direction of the pH dependence. However, it does fit 
entirely consistently with the previous interpretations which 
were conceived before this fit was tried. 
Figure 40a 
5~ Kinetic data for Cr exchange between 
Gr0aMoaO~s+nH2n]-s (represented as A) and [cr(H20) 6 ]+3 
(represented as B) at three pH's. Plotted according 
to the expression: 
Temperature 29.5°C.; f = 0.446; [A}= 0.0400; [B]= 0.0200 
Ordinate: 
Abscissa: 
R/ [A} [BJ 
[H+]/ [B] 
Data are recorded in Chapter II, Table 7. 
0 
0 
2. The Formulas, Structures, and Properties or 
6-Molybdonickelate(II) and 6-Molybdorhodate(III) Anions: 
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6-Molybdorhodate(III) Compounds: The pertinent background, 
experimental details, and conclusions concerning the investiga-
tion or the 6-molybdorhodate(III) anion have been given in the 
Introduction (Chapter I, Section B2) and in the Experimental 
Section (Chapter II, Section B). 
These results establish that the formula of the 6-molybdo-
rhodate(III) anion is [Rh06Mo60~s+nH2n}-s. The evidence dis-
proves earlier formulations1 based on the Miolati-Rosenheim 
theory, e.g., (NH4 ) 3 H6 [Rh(Mo04)e]·7H20 and KsHe[Rh(Mo04_)e]·7H20. 
These salts have been shown to be isomorphous with ammonium 
6-molybdocobaltate(III)l,2. 
The stable free acid of the 6-molybdorhodate(III) anion 
was prepared for the first time and shown to have the formula 
Hs[Rh06Mo60~s+nH2n]. The approximate values of its classical 
dissociation constants are shown by Fig. 1 to lie between 
about 10-2 and 10-3 • 
G. A. Barbieri, Atti. Line., (5), 23, 338 (1914). 
F. Zambonini and V. Caglioti, Gazz:; 59, 409 (1929). 
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The diamagnetism reported herein for (NH4 ) 3[Rh0 6Mo60~ 5 +nHzn J· 
(lO-n)H20 is consistent with a d2sp 3 octahedral hybridization 
of the d6 Rh(III). This interpretation is consistent with the 
diamagnetism, determined by Sienko2, for several other octa-
hedral complexes of rhodium(III) which may be described as 
exhibiting d2sp3 hybridization. 
The absorption spectrum of the 6-molybdorhodate(III) anion, 
shown in Fig. 2, has an absorption shoulder near the ultra-
violet, at 400 mf" • The same characteristic was observed3 in 
the absorption spectra of the octahedrally coordinated complexes 
[Rh(en) 3]+3 and [rr(en) 3]+3 • It has been pointed out1 that for 
complexes of the second and third transition series such as 
[Rh(en) 3 ]+3 and [rr(en) 3 ]+3 , the longest wavelength absorptions 
are in the ultraviolet region, whereas for [co(en) 3 ]+3 they are 
in the visible region. The spectra of [co0 6Mo60~ 5+nH2n]_s and 
of [(co0 6 ) 2Mo~ 00 24]-6 , Fig. 6, have absorption peaks in the 
visible. Finally the isomorphicity of the 6-molybdorhodate(III) 
anion with the 6-molybdocobaltate(III) anion strengthens the 
magnetic and spectral evidence concerning the octahedral coordina-
tion of rhodium in the anion. 
The 6-Molybdonickelate(II) Anion: Several substances 
were reported in the older literature4 as resulting from 
~~l f4) 
L. E. Orgel, J. Chern. Phys., 23, 1819 (1955). 
J. Gavis and M. Sienko, J. Am-.-Chem. Soc., 77, 4983 (1955). 
W. Kuhn and K. Bein, Z. anorg. Chern., 216, 321 (1934). 
Gmelins 11Handbuch der Anorganischen Chemie", Eighth Ed., 
System Number 53 (Molybdenum), Verlag Chemie, Berlin, 
Germany, 1935, p. 390. 
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reactions between nickelous ion and paramolybdate. Some of 
these were formulated: 
Na 20•2Ni0·6Mo0 3 ·17H20 
(NH4)20·3Ni0•9Mo0s·25H20 
3(NH4) 20·2Ni0·10Mo0s·l4H20 
5(NH4) 20·3Ni0·16MoOs·l6H20 
6(NH4)20·3Ni0"16MoOs·29H 2 0 
8(NH4)20.6Ni0·31Mo0s·63H20 
3(NH4)20·9Ni0•34Mo0s·l20H20 
All of these were described as green solids. Many, if not all, 
of such products were probably mixtures. No doubt the green 
color may be explained by the presence of uncomplexed hydrated 
nickel ions. In the present program of research, despite con-
siderable variations in conditions, the only heteropoly 
molybdonickelate(II) complex obtained was blue and contained 
6 Mo atoms per Ni atom. 
Barbieri1 in 1914 was the first to prepare a 6-molybdo-
nickelate(II), which he merely analyzed and formulated according 
to Rosenheim's interpretation as (NH4) 4H6 [Ni(Mo04)e]•5H20. 
No other work on this anion has been published. 
The present work has shown that the formula of the anion 
is [NiOeMo60~sHe]-4 , based on a NiOe octahedron. The isomor-
phism of this ion with the corresponding tungsto complex was 
strongly indicated by the work described herein, and was later 
2 proved by the single crystal X-ray measurements of Agarwala • 
The~fixed the number of molecules of constitutional water per 
(1) 
( 2) 
G. A. Barbieri and S. G. Ciamician, Atti. Line., (5), 23, 
II, 357 (1914). 
U. C. Agarwala, Ph.D. Dissertation, Boston University, 
1960. 
anion as three, consistent with the dehydration experiments 
reported herein (Chapter II, Section F, 2) which had only 
been able to show that the anion very probably contained a 
small number of molecules of constitutional water. The anion 
has the Anderson-Evans structure, illustrated in Figs. 36 and 38. 
Besides other points concerning background and results 
which have been given in the Introduction (Chapter I, Section 
B, 2) and Experimental Section (Chapter II, Section A, 5 and 
Section C), the following may be mentioned. 
Beside the preparation of the ammonium salt and its pur-
ification by recrystallization, a new direct method for preparing 
the pure potassium salt, K4 [NiOeMoeO~gH6]·4H20, is reported 
which gives excellent yields. Preparations for two hydrates of 
the pure sodium salt, Na4[Ni0 6MosO~SHe]·16H20 and 
Na4[NiOeMosO~gHe]·5H20, are herein reported. 
The fact that all the nickel is in the anion is shown by 
the absence of nickel in the effluent when salts of this anion 
are passed through a strong base anion exchange resin (Dowex-1) 
in the chloride form, and by the fact that no appreciable nickel 
is removed when solutions of the complex are passed through a 
strong acid cation exchange resin (Dowex-50) in the hydrogen 
cycle. 
Potentiometric titration data (Fig. 3) reveal the charge 
on the anion, its pH of decomposition, and the fact that the new 
free acid, H4 [Ni06Mo60~gH6], is relatively strong although it is 
not stable for appreciable lengths of time, as shown by the 
data in Chapter II, Section C, 4. 
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The anion decomposes reversibly in solution above 60°C. 
(The 6-molybdochromate(III) complex retains its characteristic 
color in very hot solutions.) 
Hydrated nickel ions react very slowly with paramolybdate 
ions at room temperature to form the complex. This is a sharp 
distinction between this reaction and the one between hydrated 
chromic ions and paramolybdate, which goes very fast. This 
indicates that isotopic exchange studies involving the 
6-molybdonickelate(II) complex would be interesting since the 
opposite rate behavior would be expected from superficial 
analogies1 and the fact that Ni(H 20) 6 +2 is labile. 
The absence oftreaks or noticeable color changes in the 
hour-or-two long conductometric titration of nickelous ion with 
paramolybdate at 25°C. (Chapter II, Section C,7) shows the 
slowness of the reaction as does the fact that several days 
are required for formation of the complex at room temperature. 
(See preparation of sodium 6-molybdonickelate(II), Chapterii, 
Section A,5.) However, the complex formed at reasonable rates 
above about 40-45°C. In contrast, conductometric titration of 
hydrated chromic ion with paramolybdate at room temperature 
shows that that reaction proceeds very rapidly2 • 
It is possibly of interest in this connection that ligand 
field theory predicts that Ni(II) octahedral complexes should 
be inert. However, many of them are labile, facts which may be 
(1) 
(2) 
F. Basolo and R. G. Pearson, "Mechanisms of Inorganic Re-
actions", John Wiley and Sons, Inc., New York, N.Y., 
1958, p. 111. 
L.C.W. Baker et al., J. Am. Chern. Soc., 77, 2136 (1955). 
rationalized in various ways1 • It should also perhaps be 
noted that hydrated aluminum ion and hydrated ferric ion re-
acted very rapidly with paramolybdate at room temperature 
(Chapter II, Section G). The conductometric titrations of 
chromic and aluminum ions with paramolybdate are consistent 
with the rapid reaction: 
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7W3 + 6[Mo70241-e + (3;-7n)H20 )7[MOeMoeO~s+nH2n]-s + 6H+ 
However, attempts to follow conductometrically the reaction of 
Ni+2, Mn+ 2 , or Co+2 (all divalent) with paramolybdate produced 
no breaks in the curves although the expected reactions are 
similar to the above, e.g. 
7Ni+2 + 6[Mo~24]-e + 24H20 ---+) 7[NiOeMoeO~gHe]-4 + 6H+ 
In the cases of co+2 and Mn+2 immediate color changes were 
evident in the solutions, however, so some amoun~of complexes 
must have formed rapidly. No quick color change was observed 
when Ni+2 was used. Perhaps the color of the complex was 
much less intense than for the co+2 and Mn+ 2 cases. 
Cryoscopy in fused Na 2S04 ·lOH20 showed that the 
6-molybdonickelate(II) complex is a monomer in an aqueous 
solution saturated with Na2S04 at 32°C. Under these conditions, 
when the molarity of the complex is above about 0.07, only a 
small proportion of the complex is dissociated into fragments. 
At lower concentrations larger proportions are dissociated. 
The data fit a dissociation: 
(1) F. Basolo and R. G. Pears6n, "Mechanisms of Inorganic Re-
actions", John Wiley and Sons, Inc. New York, N.Y., 
1958, p. 111, 113. 
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3~ for which K = 10- • At lower pH's this dissociation is 
apparently repressed. These matters will be discussed below 
at length in the major section of the discussion dealing 
with the cryoscopic results (Chapter III, Section B, 3). The 
cryoscopic results show the 6-tungstonickelate(II) to be 
more stable than its molybdo isomorph. 
It is shown herein (Chapter II, Section C, 6) that the 
6-molybdonickelate(II) anion is paramagnetic. The number of 
unpaired electrons was not determined, however, since both 
tetrahedral and octahedral complexes of Ni(II) usually have two 
unpaired electrons. Known square-planar Ni(II) complexes are 
diamf3,gnetic. 
For paramagnetic Ni+ 2 ion with absorption spectrum of 
the nature illustrated in Fig. 4, coordination geometries other 
than weak-field octahedral or weak-field tetrahedral can be 
1 
eliminated as possibilities • For a weak-field octahedral 
Ni(II) complex, see the term scheme in Fig. 41. The first 
transition 3 A2 g ----~)3T2g corresponds to 10 Dq. A second band 
( 3 A2 g ---73T~g) corresponding to 18 Dq is predicted, as is a 
third band corresponding to 12 Dq + 15,800 em.-~. 
In the spectrum of the 6-molybdonickelate(II) anion, 
Fig. 4, the first band has its maximum at 1050 mf· (9520 em.-~). 
On the basis of an octahedral complex (which will be substantiated 
(1) U. c. Agarwala, Ph.D. Dissertation, Boston University, 1960. 
Figure 41 
1. Energy level scheme for Ni(II) in weak octa-
hedral field. 
2. Energy level scheme for Ni(II) in a weak tetra-
hedral field. 
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2 
by the argument to follow), Dq is therefore equal to 
9520 cm.-~/10 = 952 em.-~. According to theory, a second 
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band would be predicted at 18 x 952 = 17,100 em.-~, which cor-
responds very satisfactorily with the band experimentally 
observed (Fig. 4) at 16,260 em.-~. The third predicted band 
should occur at 12 x 952 + 15,800 = 27,200 em.-~. In this 
locality, however, the nickel ion 1 s absorbance is completely 
masked by that of the molybdate structure. However, the third 
band is present in the corresponding isomorphous 6-tungsto-
nickelate(II) anion1 • This is because molybdates absorb at 
longer wavelengths than tungstates 2 • (See also Fig. 6 for 
absorption spectra of [ Co0 6Mo60~s+nH2n}-3 and E CoOs) 2Mo~ 00 2-;~,] -s) • 
According to the theoretical treatment above, the 11 2/v-~ 
ratio should be 18/10 = 1.80. The experimentally observed 
value of this ratio for the 6-molybdonickelate(II) anion is 
1.71. This is within the usual order of agreement. The experi-
mental value v2/v~ for Ni(H20)s+2 is 1.751+, and for 
[Ni(en) 3}+2 , which has been shown by X-ray studies to be octa-
3 4 hedral , V" 2/ v-~ is 1.64 . 
By coincidence, for weak field tetrahedral Ni(II) com-
plexes, the ratio of frequencies of the two absorption maxima 
u. C. Agarwala, Ph.D. Dissertation, Boston University, 1960. 
P. Souchay and A. Dubois, Ann. Chim., (12), 3, 105 (1948). 
A. Hoffmann, Z. Kryst., 91, 504 (1935). -
C. J. Ballhausen, K§l. Danske Videnskab. Selskab, Mat. Fys. 
Medd., 29, No.8, 1 (1955). 
in this portion of the spectrum is also close to 1.801. This 
may be seen from a consideration of the pertinent scheme, 
Fig. 41. Therefore, one cannot distinguish between an octa-
hedral and a tetrahedral Ni(II) case from the positions of 
these absorption maxima alone. The splitting of the 3 F level 
is inverted as compared with the octahedral term scheme. 
In the tetrahedral case a third band would be expected 
in the infra-red region, corresponding to the transition 3T~g 
(ground state) ----~ 3T2g, equal to 4Dq. This is not a safe 
criterion for distinguishing between the two cases, as the 
solvent in the aqueous solution also absorbs in that region. 
It has been shown2,3 that the values of the extinction 
coefficients of the bands at the maxima can offer a reliable 
distinction between octahedral and tetrahedral configurations 
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about divalent nickel, the intensities of the bands in the tetra-
hedral case being much higher than those for octahedral config-
4 
urations. Several examples have been cited recently , in which 
the colors of tetrahedral nickel complexes are much more intense 
than those of the corresponding octahedral Ni(II) compounds. 
This has also been observed in the case of Co(II) complexes, 
the blue [coC14 1-2 ion having an intensity about 100 times that 
of the pink Co(H2 0) 6 +2 ion. The tetrahedral Ni(II) halo com-
4 2 plexes having general formula Ni~- have molar extinction 
(1) 
~~l 
U. C. Agarwala, Ph.D. Dissertation, Boston University, 1960. 
A. D. Liehr and C. J. Ballausen, Phys. Rev., 106, 1161 (1957). 
C. J. Ballhausen and A. D. Liehr, J. Mol. Spec., 2, 342 (1958). 
N. S. Gill and R. S. Nyholm, J. Chem. Soc., 3997 Tl959). 
coefficients greater than 167 for the bands observed in the 
visible region. The octahedral Ni(H2 0) 6 +2 has molar ex-
tinction coefficients of 2. 1 The same holds true for Co(II) 
compounds. The octahedrally 
molar extinction coefficient 
+2 
coordinated Co(H 20) 6 has a 
of only 5, that of [co(en) 3 J+2 
-2 is 10, but the tetrahedrally coordinated CoC14 has a molar 
6 l extinction coefficient of 00 • 
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The spectrum of 6-molybdonickelate(II) anion, Fig. 4, shows 
that the extinction coefficients at the maxima at the two 
bands are very low (2.12 and 2.34). Consequently, it can be 
concluded that the nickel is octahedrally coordinated in the 
6-molybdonickelate(II) anion. This conclusion is further 
corroborated by the magnitude of the spin-orbit coupling to the 
paramagnetism of the 6-tungstonickelate isomorph1 and by the 
X-ray evidence for that complex. 
The observed Dq value for the 6-tungstonickelate(II) anion2 
is 980 em.-~. The Dq value for the Ni(H2 0) 6 +2 ion is 800 
Therefore the difference in Dq values between the two heteropoly 
anions is 980-952 = 28 em.-~ or 8o cals/mole. The crystal field 
stabilization energy (C.F.S.E.) for d8 systems in octahedral 
lj. 
weak-fields is 12 Dq. Therefore the 6-tungstonickelate(II) 
anion would have a C.F.S.E. greater than that of the 6-molybdo-
nickelate(II) anion by 28 x 12 = 336 em.-~ = 960 cal./mole. This 
l
l) 
2) 
3) 
(4) 
N. S. Gill and R. S. Nyholm, J. Chern. Soc., 3997 (1959). 
U. C. Agarwala, Ph.D. Dissertation, Boston University, 1960. 
C. J. Ballhausen, Kgl. Danske Videnskab, Mat.-Fys. Medd., 29, 
No. 8, 18 (1955). ---
F. Basolo and R. G. Pearson, "Mechanisms of Inorganic Re-
actions," John Wiley and Sons, Inc., New York, N.Y., 1958, 
p. 60. 
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is consistent with the lesser stability of the 6-molybdo-
nickelate(II) anion in solution as contrasted with the 
corresponding tungstate, with respect to dissociations which 
form Ni(H2 0) 6 +2 • However, other energy factors obviously 
make greater contributions to this stability difference in all 
probability. 
It was shown in the experimental section that oxidation of 
the 6-molybdonickelate(II) anion, by S2 os= ion leads only to 
the formation of the 9-molybdonickelate(IV) species, in con-
trast with the 6-tungstonickelate(II) anion which produces only 
a 6-tungstonickelate(IV) anion when oxidized by persulfate. 
3. Determination of the Ionic Weights in Solution: The 
background and details for ascertaining the degrees of polymer-
ization of heteropoly anions by cryoscopy in sodium sulfate solu-
tions have been given. (See Chapter I, Section B, 3 and Chapter 
II, Section E.) The following discussion is merely a continua-
tion of what was said in those sections. 
a) 6-Molybdates of Trivalent Metals and the 
5-Molybdocobaltate(III) Anion: It can be seen from Fig. 8 
(upper line) that the values of At/1.93c for the heteropoly 
6-molybdates of trivalent Cr, Co, Fe, and Al all fall on a 
straight line and that all those anions are monomeric in solu-
tion. Since no significant deviations are observed toward 
higher molar depressions at low concentrations, it may be con-
cluded that these anions are all quite stable in aqueous solution 
saturated with Na 2 S04 at 32°C., at least down to molarities 
of about 0.01. 
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In view of the high molecular weights of the heteropoly 
species, it is also evident that the samples of all the salts 
were very free from impurities having low molecular weights. 
It would be expected that if any dissociation occurs, the 
values of Jj. t/1.93c would rise upon dilution, because the 
dissociation equilibria involve more moles of products than 
moles of reactant (exclusive of solvent): 
The equilibrium constants for isopoly molybdate systems (pagelW) 
show that the overwhelming proportion of the dissociated molyb-
date would be present as Mo04 ~. It is also evident that the 
experiments prove these heteropoly 6-molybdates of trivalent 
elements to be especially stable, because the medium would be 
expected greatly to increase the tendency toward dissociation. 
There is a high concentration of so4= ion present, andS04= is 
a much better Bronsted base than water (K 2 for H2 S04 = l0-2 ) • 
+ The consequent tendency to remove H would increase the tendency 
of the heteropoly anion to dissociate. 
The lower curve of Fig. 8 shows that the 5-molybdo-
cobaltate(III) anion is dimeric and also very stable. The 
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significance of this will be discussed in the section concern-
ing molybdocobaltates which follows. 
b) The Instability Constant of 6-Molybdonickelate(II) 
Anion: Similar measurements were carried out for the 
6-molybdonickelate(II) anion. The results are shown in Fig. g. 
1 Agarwala's results for the isomorphous 6-tungstonickelate(II) 
anion, initially dissolved in pure water, are plotted on the 
same graph for comparison. 
The results show that the 6-molybdonickelate(II) is monomeric 
and not dissociated to a major extent at the higher concentrations. 
However, as dilution increases, this anion dissociates to a 
marked degree, thus revealing that it is far less stable than its 
tungstate isomorph, which showed no tendency to dissociate, 
although the dissociation equation expected for it at that pH 
range would be entirely analogous (involving wo4 = fragments). 
The 6-molybdonickelate(II) is also obviously much less stable 
than the 6-molybdate anions of the trivalent metals discussed 
above. 
As stated in the previous section, the equilibrium constants 
for isopoly molybdate systems (page 197) show that the over-
whelming proportion of the dissociated molybdate would be 
present as Mo04=. 
(1) u. C. Agarwala, Ph.D. Dissertation, Boston University, 1960. 
It was pointed out in the discussion of the radioiso-
tope exchange results that a particular stability apparently 
attaches to the 6-heteropoly structure and the analogous 
paramolybdate structure, no polyanionic species with smaller 
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numbers of molybdenum atoms having been detected. Therefore, 
it was argued that, in a given solution, the large majority 
of 6-heteropoly (or paramolybdate) species rrom which one Mo 
gets removed will either speedily recapture another Mo or else 
speedily disintegrate entirely into fragments. That is, 
although the mechanism of polymerization or depolymerization 
must involve species with smaller numbers of molybdenum atoms, 
such species probably do not exist in appreciable proportions 
in the solutions. For these reasons the following equilibrium 
was expected: 
It may be noted that the acid ionization constant for hydrated 
nickel ion1 is lo-10 .6 ( f-= o), and so hydrolysis of the Ni+ 2 
....... ion could be expected to make an entirely negligible addition 
to the number of ions on the right side of this equation. 
(1) K. H. Gayer and L. Woontner, J. Am. Chern. Soc., 74, 1436 (1952). 
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Therefore, it seemed practical to evaluate the instability 
constant for the complex by curve-fitting to the cryoscopic 
data. The form of the curves calculated on the basis of the 
above equilibrium fit the data very well, increasing the 
confidence which may be placed in the interpretation. The 
results yield a K for the above equilibrium of betweenl0-30 and 
10-33 , with the best value being 10-32 • The data and three 
theoretical curves are shown in Fig. 42. In making these cal-
culations it was noted first that the line extrapolated from 
concentrations where dissociation was very small was almost 
horizontal. (See Fig. 9.) Therefore, at the lowest concentrations 
for which data exist, the undissociated species (plus any 
effects from added Na+ ions, etc.) must have been causing a 
depression, per mole, of very close to 1.93°. Thus the points 
at lowest concentration give the most accurate estimate of K, 
although the points at higher concentration were determined with 
greater precision individually, as indicated in Fig. 42. That 
is, the value of the constant indicated by a given point is 
more sensitive to the choice of the "base line" than to errors 
in placing the individual experimental points. The "base line" 
is the plot of At/c values which would be expected if no dis-
sociation were occurring. This will be a straight line but may 
have a slope. It will run to 1.93 on the vertical axis. Since 
the "base line" is nearly horizontal in this case, its height 
Figure 42 
Determination of Instability Constant for [Ni0 6Mo60~sH6]-~. 
by Cryoscopy in Fused Na2SO~·l0H20 
Ordinate: A t/c (See Section II, e2) 
Abscissa: M (moles of heteropoly anion per liter of 
Na2SO~ solution at 32°C.) 
A = Theoretical curve for K 
B = Theoretical curve for K 
C = Theoretical curve for K 
= 
= 
= 
l0-3~ 
10-33 
Notet Experimental points at low M1 s give much more 
accurate estimations of K than do those for higher M's, 
despite the fact that the latter points are more pre-
cisely determined. Therefore 10-3 ~ is the best value for 
K. 

246 
at low concentrations must be very close to 1.93, whereas at 
higher concentrations it cannot be placed so accurately 
because its exact slope is not known. Therefore discrepancies 
of fit are much less significant for points at higher concen-
tration than for points at lower concentration (see Fig. 42). 
The slope of the base line cannot be more accurately fixed in 
this case, because the point at highest concentration represents 
the limit of solubility of the sodium 6-molybdonickelate(II) in 
saturated Na 2 S04 solution. 
The value 1.93 for (At/c)~ 0 was chosen because a large 
number of ions, large and small, many of which do not dissociate 
at all (e.g. Cl~) were found under identical experimental 
conditions to give ~t/c values which extrapolated to 1.93.1 
It is understood, of course, that the H+ ions in the 
equilibrium represented above are solvated. In this medium that 
= means that most of them are attached to S04 ions rather than 
to H2 0 molecules. However, this does not invalidate the method 
since both hydrated protons and HS04- cause the same molar 
depression of the Na 2 S04 •10H2 0 transition point as do other 
foreign ions1 ,2. 
Fig. 42 and the constant are evaluated in terms of moles 
per liter of saturated Na 2 S04 solution at 32°C. These concen-
trations differ from "c'', used in evaluating the vertical axis 
M. T. Pope and L.C.W. Baker, Private Communication (1959). 
K. F. Jahr and R. Kubens, Z. Elektrochem., 56, 65 (1952). 
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of Fig. 42 and both axes of Fig. 9. As explained in Chapter II, 
Section E, 2, the letter "c" designates the molarity of the 
water solution used, prior to addition of Na2 S04 . The "pseudo" 
cryoscopic constant, 1.93, is evaluated in terms of "c" and 
therefore "c" was used in constructing the vertical axes, in 
terms of ~t/c. To obtain actual molarities in the saturated 
Na 2 S04 solution at 32°C., c 1 s must be multiplied by 0.887. This 
factor was obtained by a short extrapolation of solubility data 
for Na 2 S04•lOH2 0 to 32°C., calculating the percentage water in 
the resulting solution, finding the solution 1 s density at 32°C. 
by a short extrapolation, and then calculating the volume of 
saturated Na 2 S04 solution at 32°C. which could be obtained 
from 20.0 ml. of water at 25°C. 
This is the first instability constant to be evaluated 
for a heteropoly complex. It is also the first instability 
constant to be evaluated by this experimental method for any 
complex ion. 
c) Cryoscopic Results for Sodium 6-Molybdo-
nickelate(II) Initially Dissolved in H2 S04 Solution: Since 
lowering the pH of the medium would be expected to shift the 
above equilibrium to the left, a series of measurements was made 
in which the Na4[NiOsMo60~8Hs]·l6H20 was initially dissolved in 
O.Og84 N H2 S04 solution rather than in pure water. It had been 
shown1 , that the effect of added H+, from H2 S04 , on the de-
pression of the Na 2 S04 ·10H2 0 transition point may be subtracted 
(1) L.C.W. Baker and M.T. Pope, Private Communication (1959). 
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out after having been evaluated by runs using pure H2 S04 
solutions. The contributions of the H2 S04 to the Llt's were ac-
cordingly subtracted out, leaving 6t's caused by the hetero-
poly anion in more acidic medium. 
Those results are plotted in Fig. 9 also. They fall on a 
straight line, indicating a monomer, and show no upward curve 
at dilutions where the non-acidified medium involved considerable 
dissociation of the heteropoly anion. 
The reason why this line is straight may be that the added 
+ H repressed the dissociation as written above. This is not a 
necessary conclusion, however. 
At this lower pH the constants for isopoly molybdate systems 
(p.l97) indicate that practically all molybdate which dissociates 
from the heteropoly anion would polymerize to a paramolybdate spec-
ies. · It is a coincidence that the expected dissociation 
equilibrium then happens to involve the same number of ions 
on both sides of the equation: 
Therefore, a molar depression characteristic of a heteropoly 
monomer would be observed in this case, after subtracting out 
the effect of the added H2 S04 , no matter to what extent this 
dissociation equilibrium had proceeded. This would .only be 
true, however, if the heteropoly species were actually monomeric. 
Dilution, at constant [H+], would be expected to shift this 
equilibrium to the right, but such a shift would not be 
detectable by this cryoscopic method. Slope of the line 
would dirfer rrom the non-acidified case by reason of the 
different activity coefficients or the new species. 
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If the concentration of dissociated molybdate were suf-
ficient, formation of greater or smaller concentration of 
protonated paramolybdate, [HMo7 0 24]-s or [H 2Mo 7 0 24]-4 , would 
1 be expected • Depending upon the concentrations and constants 
involved, this could produce an upward, or more likely, a 
downward curvature as the plot of ~t/1.93c went toward greater 
dilution. The pH of this medium is not so low as might appear 
at first glance, owing to the basic property of the so4- ion. 
However, the strength of the heteropoly acid is not known and 
several other important factors are unknown. It will be 
recalled that the free acid of this complex, in moderate con-
centration, decomposes slowly in pure water (Chapter II, Section 
C, 4 and 8; Chapter III, Section B,2). 
The height and straightness of the plot in Fig. 9 for 
the acidified solution indicates, in view of the constants 
pertaining in molybdate solutions 3M in NaCl04 1 , that the 
anion had probably not decomposed and that the last equilibrium 
reaction written above is holding. 
These equilibria have been discussed because of their 
similarities to those potentially involved in the exchange 
reactions. 
(1) I Y. Sasaki, I. Lindqvist and L. G. Sillen, J. Inorg. Nucl. 
Chern., ~, 93 (1959). 
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4. The Chemistry of Molybdocobaltates(III)t The follow-
ing discussion merely continues and supplements that already 
given in the Introduction, Chapter I, Section B, 4 and the 
points made in Chapter II, Sections D, E, and F. The reader 
is referred in particular to the reaction chart given in 
Chapter I, Section B4. 
a) The Non-Existence of a 9-Molybdocobaltate(IV) 
Anion: The evidence considered in Chapter II, Section D, 17, e 
1 
leaves very little doubt that Hall's report of a 9-molybdo-
cobaltate(IV), analogous to the well established [Ni+4 06 Mo90 26}-
6 
complex2 and [Mn+4 0 6 Mo90 26J-e anion3, is in error. No evidence 
whatever has suggested the presence of cobalt in higher oxida-
tion state than +3 in any heteropoly molybdate, despite numer-
ous and varied attempts in the present research program to ob-
tain it. As pointed out, Hall's report has been quoted un-
critically in several reviews4 '5. 
Other ambiguities in the older literature are also corrected, 
in Chapter II, Section 17. 
R. D. Hall, J. Am. Chern. Soc., 29, 703 (1907). 
U. C. Agarwala, Ph.D. Dissertation, Boston University, 1960. 
J.L.T. Waugh, D.P. Shoemaker and L. C. Pauling, Acta Cryst., 
7 ' 4 38 ( 19 54 ) • 
A. Miolati, J. prakt. Chern., (2), 77, 444 (1908). 
J. Kleinberg, "Unfamiliar OxidationStates and their 
Stabilization", University of Kans~s Press, Lawrence, 
Kansas, 1950, p. 5, 98. 
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b) The Dimeric 5-Molybdocobaltate(III) Anion, 
[(co0 6 ) 2Mo~ 00 24 ]-et The formula of this anion has been 
established by a combination of: preparations of various new 
compounds, analyses, potentiometric titrations, dehydration 
experiments, magnetic measurements, absorption spectra, and 
cryoscopy in fused Na 2 S04 ·lOH20. The latter shows that the 
complex is a very stable dimer. It contains no constitutional 
water. 
A completely novel easy quantitative preparative procedure 
has been devised, which offers a possible basis for developing 
gravimetric and/or volumetric and/or spectrophotometric methods 
of determining cobalt quantitatively. The gravimetric factor 
would be very favorable. An indirect volumetric method might 
be based on the Jones reductor procedure for molybdenum. 
The moderately rapid decomposition of the complex by acid 
offers opportunities for spectrophotometric kinetic studies 
of potential interest, as well as for possible application to 
homogeneous precipitation methods. 
The preferential formation of the complex in the presence 
of H2 0 2 and certain surface active catalysts, its stability in 
the presence of the catalysts, and the quantitative decomposi-
tion of the 6-molybdocobaltate(III) into co+ 2 and paramolybdate 
in the presence of the catalyst are the first such studies 
reported for heteropoly compounds. When Cl 2 , Br 2 or bromate 
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were substituted for the H20 2 in the presence of the 
charcoal catalyst, no formation of either molybdocobaltate(III) 
occurred. However, when any of the above or various other 
oxidizing agents were used in the absence of a surface active 
catalyst (and absence of NH4 +, as stated in part c below), 
6-molybdocobaltate(III) was formed predominantl~ accompanied 
by small amounts of dimeric 5-molybdocobaltate(III). No 
explanation for these observations is offered. It is known 
that many reactions of conventional coordination complexes are 
1 
subject to heterogeneous catalysis • For example, aqueous 
[co(NH3 ) 61+s readily dissociates into pentammine complexes 
when shaken with silica gel or decolorizing charcoal, but if 
2 the treatment is prolonged hydrous cobaltic oxide precipitates • 
The absorption spectra of the [(co06 ) 2 Mol 0 0 2 41-e and the 
[co06 Mo6 0J.s+nH2 n]-s anions, Fig. 6, have not been discussed 
in previous sections. There are two absorption bands in the 
spectrum of the 6-molybdocobaltate(III) anion with maxima 
at 600 mr. (16,660 cm.-l) and 410 mr. (24,400 cm.-l). The 
value of Dq may be calculated from expressions relating the 
first maximum to the term scheme for octahedral Co(III) 
complexes3. Thus, ~J. = 16,660 = -5500 + lODq; and Dq is 
therefore 2216 cm.-l. The second band is predicted by 
(1) F. Basolo and R. G. Pearson, "Mechanisms of Inorganic Re-
actions", John Wiley and Sons, Inc., New York, N.Y., 
1958, p. 355. 11 
R. Schwarz and W. Kronig, Ber., 56, 208 (1923). 
C. J. Ballhausen, "Absorption Spectra of Inorganic Complexes", 
Presented at the Gordon Research Conference on Inorganic 
Chemistry, Hampton, N.H., August 1957. 
253 
~2 = 2500 + lODq = 2500 + 22160 = 24,660 em.-~, which is 
in excellent agreement with the value 24,400 em.-~ found 
experimentally. 
These facts are consistent with the spectra of other octa-
hedral Co(III) complexes. Two strong bands are found1 ' 2 for 
the complex [co(en) 3}+3 at 21,400 em.-~ and 29,600 -~ em. • The 
first band indicates Dq = 2690 em.-~ which thereby predicts a 
second band at 29,400 em.-~. 
The absorption spectrum of the dimeric 5-molybdocobaltate(III) 
anion shows a band, r~, at 600 mr-. (16,660 em.-~) from which 
Dq = 2216 em.-~. The second band would therefore be expected 
at 24,660 em.-~ (405 mf' .). The spectrum shows continuous 
absorption above 500 m~. with a shoulder placed at 400-320 mj~. 
Apparently the expected second band for the Co(III) anion is 
superimposed on some other absorption. This fact was attributed 
to the presence of Co-O-Co bonding3 since polynuclear complexes 
containing octahedral Co(III) exhibit similar spectra. 
The Dq values for the heteropoly complexes in question are 
consistent with those obtained for other octahedral Co(III) 
complexes. For example, Dq for [co(C 2 04 ) 3)-3 is 2200 em.-~ and 
that for [co(H2 0) 6]+3 is 1910 cm.-~4 • 
(1) 
( 2) 
( 3) 
(4) 
F. Basolo and R. G. Pearson, "Mechanisms of Inorganic Re-
actions", John Wiley and Sons, Inc., New York, N.Y., 
19 58' p. 369 . 
C. J. Ballhausen, "Absorption Spectra of Inorganic Complexesn, 
Presented at the Gordon Research Conference on Inorganic 
Chemistry, New Hampton, N.H., August 1957. 
Y. Shimura, H. Ito and R. Tsuchida, J. Chern. Soc. Japan, 
75, 560 (1954). 
"Rapports et Discussions", Institut International de Chimie 
Solvay, Dixieme Conseil de Chimie, Bruxelles, Belgium, May 
1956, pp. 362-367. 
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A very plausible structure is tentatively proposed for 
the dimeric 5-molybdocobaltate(III) anion. It is illustrated 
in Fig. 43. It reconciles all the evidence obtained in this 
work. It consists of two "half-units" joined by sharing 
oxygen atoms. Each half-unit, [coOaMo5 0le}, Fig. 43, may be 
made by removing one Mo0 6 octahedron from an Anderson-Evans 
6- heteropoly structure (Figs. 38 and 36, upper structure). It 
may be noted that the [Ni0 6 Mog0 261-e and [Mn0 6 Mog0 26J-e anions 
(Fig. 36, center) contain structural portions identical to the 
proposed half-units. The two half-units can be joined together 
by sharing eight oxygen atoms in such a way that a symmetrical 
dimeric anion results Wh@rein both Co06 octahedra are struc-
turally equivalent and are joined by Co-O-Co linkages. Owing 
to the complexity, if one assumes the structural features which 
have been found in all heteropoly anions to·date (e.g. Mo atoms 
all in octahedra all of which share at least one oxygen atom 
with the central atoms' polyhedra, no face sharing of poly-
hedra, etc.), then the number of plausible structures is severely 
limited. In the present research only two other structures 
which reconcile all the data have been conceived. It appears 
likely that others are not possible. In both of these other 
structures, however, the two Co0 6 octahedra are not structurally 
equivalent, so the structure illustrated in Fig. 43 is strongly 
preferred. 
Figure 43 
A Plausible Structure for the ((Co0s) 2Mo~ 00 24 ]-s Anion 
This structure reconciles all presently-available 
data. (Some other structures, very closely related 
to that illustrated, also fit all data, but they are 
less symmetrical.) 
The centers of oxygen atoms are at the vertices of 
all octahedra and atoms of positive oxidation state are 
at the centers of all octahedra. The CoOs octahedra 
are shaded; the MoOs octahedra are white. 
Lower Diagram: 
Upper Diagram: 
The assembled anion. 
The two half-units separated, 
showing the relationship to the 
Anderson-Evans 6-heteropoly 
structure. (See Fig. 36, upper 
diagram.) 
j 
j 
j 
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c) An Unexplained Pronounced Counter Ion Effect: As 
recorded in Chapter II, Section D, 5, when attempts were made 
to oxidize mixtures of potassium paramolybdate and co++ by 
Cl 2 or Br2 , in the absence of catalyst and ammonium salts, 
the ions reacted readily, apparently quantitatively converting 
the Co+ 2 to a mixture of 6-molybdocobaltate(III) and dimeric 
5-molybdocobaltate(III). However, when identical conditions 
were used except that ammonium paramolybdate was Bubstituted for 
potassium paramolybdate, no formation of the green Co(III) deriva-
tives was noted at all, in hot or cold solution, after a short 
time or after a long time. This was also true when the am-
monium paramolybdate was made by dissolving Mo0 3 in ammonium 
hydroxide and adjusting the pH to be identical to that of the 
potassium paramolybdate, which had been made in comparable 
fashion. 
+ This striking difference in behavior when K was substituted 
+ for NH4 , in a mixture wherein neither would be expected to 
participate in the reaction, is unexplained. No destruction 
of ammonium ion during the treatment was detected. 
The above unusual result was checked independently by three 
persons, using different sources of reagents. 
The result seems to be peculiar to the reaction when 
halogens are used as the oxidizing agents in absence of surface 
active catalysts. As already stated, no molybdocobaltates(III) 
were formed in the presence of the catalyst when any oxidizing 
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agent other than H2 0 2 was used. In the absence of the catalyst 
either ammonium paramolybdate or potassium paramolybdate reacted 
smoothly with NaBi0 3 , KBr0 3 , or Pb0 2 , forming a mixture of the 
two molybdocobaltates(III) as already described. 
d) Significance of the Dehydration Studies on 
6-Molybdocobaltate(III): The 6-molybdocobaltate(III) is 
1 
isomorphous with the 6-molybdates of Al(III), Cr(III), and Fe(III). 
The dehydration experiments described in Chapter II, Section F, 
have shown some unusual results. 
Earlier careful experiments had shown2 that potassium 
6-molybdoferrate(III) could be completely dehydrated by heating 
at 140°C., that potassium 6-molybdochromate(III) could be 
completely dehydrated at 155°C., and that potassium 6-molybdo-
aluminate(III) lost all its water at 200°C. No further water was 
lost on ignition at 650°C. in any of these cases. The pink 
chromic compound became light brown when completely anhydrous. 
Similarly, the colorless ferric compound became a slightly 
brown powder. The completely dehydrated materials dissolved 
immediately and completely in water, giving solutions with the 
characteristic colors of the anions. Ignited materials did not 
redissolve completely nor show the colors of the complexes 
when treated with water. It was therefore argued that the anions 
(1) 
( 2) 
C. W. Wolfe, M. L. Block and L.C.W. Baker, J. Am. Chern. Soc. 
77, 2200, (1955). 
L.C.W. Baker et al., J. Am. Chern. Soc., 77, 2136 (1955). 
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must contain no constitutional water. It was consequently 
concluded that these anions must each contain only twenty-one 
oxygen atoms. No reasonable monomeric structure could be de-
vised using only twenty-one oxygen atoms, unless agreat deal 
of face-sharing between polyhedra was assumed, which is very 
unlikely. Therefore, it was erroneously concluded that these 
anions must be at least dimers, since reasonable dimeric 
structures could be devised. 
It has been shown in the present work, however, that these 
anions are all monomeric in solution. Following that, crystals 
were found for the 6-molybdocobaltate(III) wherein the anions 
1 
must be monomers . 
Therefore, it was decided that some dehydration experiments 
should be repeated, using sodium salts instead of the potassium 
salts. The sodium 6-molybdochromate(III), like the potassium 
salt, dehydrated completely at 155°C. The anhydrous material 
was again light brown, but it dissolved completely and immed-
iately to give a pink solution for which the absorption 
spectrum was typical of the heteropoly complex. It now seems 
evident that this heteropoly anion, and according to the earlier 
work those of Al and Fe, can reversibly lose constitutional 
water at a reasonably low temperature. This most unusual 
result is not understood. 
(1) M. Shibata and L.C.W. Baker, Abstracts of Papers Presented 
before the Division of Inorganic Chemistry, Am. Ch~m. Soc., 
National Meeting, New York, N. Y., September 1960. 
When, however, the sodium salt of the isomorphous 
6-molybdocobaltate(III) complex was similarly treated, the 
complex decomposed, forming insoluble paramagnetic material 
when the last few water molecules per anion were driven out. 
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Therefore it seems evident that these 6-molybdate anions 
contain constitutional water, as they must in order to have 
any reasonable monomeric structure. Therefore formulas such 
as (cr06Mo60~s+nH2n]-3 have been used throughout this thesis. 
The most satisfactory hypothetical structures result when n = 3. 
It is most probable that these anions have the Anderson-Evans 
structure (Figs. 36 and 38). The structure of the fully de-
hydrated, but soluble, Fe, Al, and Cr compounds is a per-
plexing problem. When heated to still higher temperatures, 
more weight is not lost but the ability to redissolve, to yield 
the complex, is lost. 
The results with the cobaltic 6-molybdate, which decomposes 
upon dehydration, strengthen confidence in the interpretation 
that the dimeric 5-molybdocobaltate(III) anion contains no 
constitutional water, because the latter dehydrates easily 
and almost completely at 145°C., retaining its color and 
complete solubility, with undistorted absorption spectrum. 
e) The Spectra of the 6-Molybdoaluminate(III) and 
6-Molybdoferrate(III) Anions: The absorption spectra of the 
6-molybdoaluminate(III) and 6-molybdoferrate(III) have not been 
reported before. The very small solubility of the ammonium salts 
259 
of these anions would previously have limited their study 
to the ultraviolet1 • The spectra of these heteropoly anions 
in the visible region, obtained by employing the quite soluble 
sodium salts, are shown in Fig. 11. For comparison, the 
spectrum of the [Fe(H2 0) 6 ]+3 ion is reproduced from the 
literature2 . This shows an absorption maximum at 408 m~. 
The 6-molybdoferrate(III) anion shows a shoulder at 430-440 mf'· 
As a check, the spectrum of the 6-molybdoaluminate(III) anion 
was taken. This anion is isomorphous with the Fe(III) complex 
but it contains a central atom which does not absorb in the 
visible region. Theshoulder must be attributed to absorption 
of thefurric ion within the complex. No detailed interpretation 
can be drawn from these spectra concerning the central atom, 
as the spectrum of the aquated ferric ion is not well under-
stood3. The nearly colorless, very faint green color 
characteristic of the ferric complex is typical of a Fe0 6 
configuration, however. 
5. Dimeric 9-Molybdate Anions with Fifth Group Elements 
as Central Atoms: The preparations, in very pure condition, 
of salts and free acids of the dimeric 9-molybdophosphate(V) 
and 9-molybdoarsenate(V) anions have been described in Chapter 
II, Section I, wherein chemical properties of these complexes 
(1) 
( 2) 
( 3) 
Y. Shimura, H. Ito, and R. Tsuchida, J. Chem. Soc. Japan, 
7 5 ' 560 ( 19 54 ) • 
E. Rabinovitch and W. H. Stockmeyer, J. Am. Chem. Soc., 64, 
335 (1942). --
J. Lewis and R. G. Wilkins, "Modern Coordination Chemistry", 
Interscience Publishers, Inc., New York, N.Y., 1960, p. 290. 
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were described also. The discussion which follows merely 
extends and amplifies what was said in that section and in 
Chapter I, Section B, 5 and Chapter III, Section A,7. 
A combination of the results of potentiometric titrations, 
analyses, dehydration studies and geometrical argument has 
shown that these anions have the isomorphous formulas: 
[ (P04) 2Mo130s4] -e and [(As04 ) 2Mo~30s4 ]-e. An argument based 
on early geometrical crystallographic demonstration of 
isomorphismsl,2 has shown that they are very probably isomor-
phous with the [(P04 )2W~80s4]-e ion, in which the tungsten 
atoms were located by Dawson3 by means of single crystal 
X-ray work. It has been argued herein that Dawson's assign-
ment of general oxygen atom positions was greatly strengthened 
by recent direct X-ray determination4 of oxygen atom positions 
in [co04W1203e] -s. 
Confidence may be placed in the potentiometric titrations, 
which are an essential part of the evidence, and in the very 
pure condition of the compounds because of the following 
considerations. The very large molecular weights of the hetero-
poly species create a situation where a very small amount of 
(1) 
~ 2) 3) 4) 
L. Duparc and F. Pearce, Z. Kryst., 27, 612 (1897); 31, 
66 (1899). --
c. C. Stuhlmann, Z. Kryst., 21, 174 (1893). 
B. Dawson,.Acta Cryst., 6, 113 (1953). 
N. F. Yannoni, V. E. Simmons, K. Eriks and L.C.W. Baker, 
Abstracts of Papers Presented before the Division of In-
organic Chemistry, Am. Chern. Soc. National Meeting, 
Atlantic City, N.J., September 1959. 
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a low molecular weight acid-consuming or base-consuming 
impurity would introduce considerable error. However, the 
necessity for electrical neutrality requires that the final 
break in tpe potentiometric titration curves must come at the 
same point no matter what the formula of the heteropoly species 
may be, given the atomic Mo(VI) to central atom ratio, if the 
analyses for elements in positive oxidation state (except H) 
have been carried out correctly. Such analyses can be per-
formed very accurately. 
If a very small amount of a foreign low molecular weight 
acid were present, the final break would not reconcile with 
the concentration determined by analysis. 
It was very important that small amounts of low molecular 
weight salts, such as NH4 Cl, not be occluded in the salts 
which were to be used for preparing the free~ids by ion-
exchange. Such impurities would have introduced low molecular 
weight acids and thus vitiated the potentiometric titration 
results. Therefore, the technique of recrystallizing the 
very soluble ammonium salts by addition of some dioxane was 
adopted. The internal check, mentioned in the previous para-
graph, on purity of the resulting acids, demonstrated the suc-
cess of this technique for making these heteropoly acids and 
salts in very pure condition for the first time. 
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a) The Dissociation Constants of the Dimeric 
9-Heteropoly Acids: When successive dissociation constants 
6 
of a polybasic acid differ by a factor of 10 or more, the 
neutralization of the nth replaceable hydrogen ion is ac-
companied by practically no neutralizatio,~t of the (n+l) th 
1 
replaceable hydrogen ion . In such a case the neutraliza-
tion curve contains a section which is vertical, practically 
speaking, separating the two plateaux which represent the 
neutralization of the respective hydrogen ions. In the case 
of an nth hydrogen ion separated from others by such vertical 
section(s), the classical dissociation constant under the 
conditions of the experiment can be estimated rather accurately 
from the Henderson-Hasselbalch equation: 
pH = pKa + log ([conjugate base]/ (conjugate acid]). 
At the point where one-half of the hydrogen ion has been 
neutralized, pH = pKa. The thermodynamic constant may be 
obtained if the appropriate activity coefficients can be 
estimated. 
As the difference between successive constants becomes 
less, the section of the neutralization curve lying between the 
two plateaux becomes progressively closer to horizontal. Such 
curves correspond to conditions wherein neutralization of (n+l)th 
hydrogen ion accompanies neutralization of the nth hydrogen ion, 
and vice-versa, to increasing extents as the constants become 
closer. 
(1) S. Glasstone "An Introduction to Electrochemistryn, D. 
Van Nostrand Co., Inc., New York, 1949, p. 403. 
When the constants differ by less than a power of 10, 
as is the case with the heteropoly acids examined in this 
work, no point of inflection can be observed between the 
neutralizations of the hydrogen ions, because they are not 
successively neutralized but are, practically speaking, 
simultaneously neutralized. 
Dimeric 9-molybdophosphoric(V) acid presents such a 
case, with the added novel feature that none of the six dis-
sociation constants differs from any of the others by more than 
a power of 10. Therefore the neutralization of the first 
hydrogen ion is accompanied not only by the neutralization of 
the second, but by extensive neutralization of all the other 
four hydrogen ions as well. 
Theoretically, simultaneous equations could be worked out 
for obtaining the various constants from the curve. Such an 
undertaking is not worthwhile because the various values of 
the classical constants so obtained would vary, with concen-
tration changes, more widely than their range. Experimental 
error in the curve would be more significant than the dif-
ferences indicated in the K1 s. The thermodynamic constants 
cannot be obtained from such data because of the impossibility 
of predicting meaningful activity coefficients in solutions 
containing mixtures of very highly charged anions. 
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In these circumstances limits can be set for the maximum 
and minimum values of the six dissociation constants under the 
conditions of the experiment. This is done by means of the 
Henderson~Hasselbalch equation (above) by taking the maximum 
value for pK~ as equal to the pH (=2) when 0.5 mole of NaOH 
per mole of acid had been added and taking the minimum value for 
pKe as equal to the pH (=3) when 5.5 moles of NaOH per mole 
of acid had been added. Thus the six classical constants lie 
within the range 1 x 10-2 to 1 x 10-3 , but their actual values 
probably fall within an even smaller range. 
The dissociation constants of He[(As04 ) 2Mo~s0s4] were 
estimated from Fig. 14, lower curve, as explained above. The 
constants lie in the range 10-2 to lo-3 • 5 • 
b) Hydrolytic Instability of the Dimeric 
9-Molybdoarsenate(V) Anion: This anion proved to be hydrolyt-
ically unstable in solution at room temperature. All of the room 
temperature potentiometric titrations of its salts showed peculiar 
humps at the beginning (Figs. 13, 14, 15). This irregularity 
cannot be caused by any replaceable hydrogen ions in the salts, 
because of the combination of the nitrogen analyses and the 
fact that no more than the theoretical number of moles, 34, of 
NaOH per mole of ~As04 ) 2Mo~g0 54]-e were finally consumed. 
This irregularity may be explained, however, by assuming 
that the dimeric 9-molybdoarsenate(V) anion undergoes a partial 
hydrolytic degradation in which hydrogen ion is liberated. The 
hydrolysis product(s) formed would also be base-consuming. 
The free acid also proved to be subject to considerable 
hydrolytic degradation at room temperature. This is shown by 
a comparison of Figs. 16 and 17. It was found, however, that 
when solutions of this acid were prepared from ice-cold solutions 
of its salts, by ion exchange at 0°C., and titrated immediately 
with base at l5°C., no degradation was noticeable. Figs. 14 
and 17 record titrations of the acid, Hs[(As04) 2Mo~so54J, which 
was thereby shown to be hexabasic. 
The lesser stability of the dimeric 9~molybdoarsenate(V) 
anion as compared to the dimeric 9-molybdoarsenate(V) anion 
is consistent with the order found for the 12-molybdates of P(V) 
and As(V). 12-molybdophosphoric (V) acid ·has been isolated, 
but all efforts to isolate the 12-molybdoarsenic(V) acid have 
failed1 . It was pointed out in the section concerning the 
preparation of the dimeric 9-molybdophosphate(V) anion that 
when solutions of Moo4= are acidified in the presence of phos-
phate ions, a yellow color is produced. This was attributed to 
the [Po4Mo~ 20 36]-s species. Prolonged heating was necessary to 
accomplish the conversion to the rP04) 2Mo~8054]-s. 
In the preparation of the impure Hs[(As04 ) 2M~s05~, no such 
heating is necessary and, furthermore, no [As04Mo~ 20se]-s is 
formed. This was shown by the addition of small amounts of 
(1) J. W. Illingworth and J. F. Keggin, J. Chern. Soc., 575 (1935). 
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ammonium ions, which failed to produce the very insoluble 
(NH4)s es04Mo~20ss]•5H201 • Illingworth and Keggin1 found that 
the latter salt could be isolated by forming it in the presence 
of large concentrations of ammonium ions. 
These facts are consistent, therefore, with an equilibrium 
between the 9- and 12-heteropoly species of both P(V) and As(V). 
At high temperature and low proportion of molybdate, the 
equilibrium favors the 9-heteropoly species. At low temperature, 
in the case of the P compounds, the equilibrium shifts slowly, 
producing 12-heteropoly anions. This is substantiated by the 
fact that when ammonium salt solutions of the EP04 ) 2Mo~80s4]-s 
anion were allowed to stand at room temperature for six months 
a yellow precipitate was formed. Periodic addition of ammonium 
ions to aliquots produced increasing amounts of a yellow pre-
cipitate which was identified as ammonium 12-molybdophosphate(V). 
c) A Reinterpretation of the Rosenheim Conductivity 
Data: More recent investigation2' 3 ' 4 of the 12-molybdo and 
12-tungstophosphoric(V) acids, Hs~04 (Mo or W)~ 20ss]·XH20, by 
means of X-ray crystallographic studies, has shown them to be 
tribasic. Souchay5 has also shown that 12-tungstosilicic acid, 
1 
2 
3 
4 
5 
J. W. Illingworth and J. F. Keggin, J. Chern. Soc., 
J. L. Hoard, Z. Kryst., 84, 217 (1933). 
J. F. Keggin, Proc. Roy.~oc., 144A, 75 (1934). 
R. Signer and H. Gross, Helv. Chim: Acta, 17, 1076 
P. Souchay, Bull. Soc. Chim. (France), (1);-9, 289 
575 (1935). 
(1934) . 
(1942). 
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H4 [Si04 W120ss]·5H2 0, is always tetrabasic rather than octa-
basic as claimed by Rosenheiml. Therefore, Rosenheim's 
conductivity data (Table 8, Chapter II, Section A, 2) may be re-
interpreted. The data actually help to establish the 6-basic 
nature of the dimeric 9-heteropoly anions. If the solutions 
Rosenheim measured, did contain approximately equal amounts of 
hydrogen ion, the basicity for the dimeric 9-molybdo-
phosphoric(V) acid and its arsenic isomorph would be 3/7 x 12 = 
5.14. Considering the inaccuracies of those measurements and 
the necessary impurity of the acids prepared by Rosenheim, this 
number is within reasonable exper~ental error of the value 6 
for the basicities of dimeric 9-molybdoarsenic(V) and dimeric 
9-molybdophosphoric(V) acids, as reported in this investigation. 
All efforts to prepare heteropolymolybdates of pentavalent 
Sb and Bi have failed. This is not unreasonable in view of 
the decreasing stability observed in going from the P to the 
As derivatives for both 9-heteropoly and 12-heteropoly tung-
2 
states and molybdates • 
(1) 
(2) 
A. Rosenheim in R. Abegg "Handbuch der Anorganischen 
Chemie", Vol. 4, Part 1, ii, Leipzig, 1921, pp. 977-1065. 
J. W. Illingworth and J. F. Keggin, J. Chern. Soc., 575 (1935). 
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The contributior~of this work may be summarized under six 
main headings: 
I. Exchanges of Radioactive Isotopes: 
The first isotopic exchange studies involving heteropoly 
anions with transition metal central atoms are reported. 
1) The exchanges of Mo99 between paramolybdate anion, 
[Mo~9o 24]-e, and (a) 6-molybdochrornate(III) anion, 
(cr06Mo60~s+nH2n}-3 , and (b) its isomorph, 6-molybdoferrate(III) 
anion, [Fe0 6Mo60~s+nH2n]-~were studied over the pH range 2.5-4.5 
at 29.5°C. and at 0°C. At the higher temperature, all the Mo 
exchanges were complete in less than 0.5 min. At 0°C. the half-
time for the Mo99 exchange with the chromic complex was 35 min. 
at pH 2.5, while the exchange of Mo99 with the ferric complex was 
80% complete in less than 1 min. at the same conditions. The 
exchange rate increased with increasing pH. 
These results are discussed in terms of the mechanisms 
of inorganic substitution reactions and the structures of the 
anions involved. The difference in exchange rates for the Cr and 
Fe complexes is explained primarily in terms of the inflexibility 
and compactness which crystal field stabilization energy imparts 
to the Cr0 6 central octahedron in contrast to the spin-free 
d 5 Fe0 6 octahedron. The exchange process is seen as most probably 
involving dissociation of MoOx polyhedra away, probably as Moo4 = 
groups, from both paramolybdate and the heteropoly species. In 
view of structural limitations, such dissociations of the poly-
anions would almost certainly have to follow displacement 
attack by at least two solvent molecules on the MoOs octahedra 
of the complex. This strengthens indications that d0 octahedral 
complexes undergo substitutions via displacement reactions. 
2) The exchange of Cr5 ~ between [cr0 6Mo60~s+nHzn]-3 and 
(cr5~(H20) 6}+3 was studied at 29.5°C., total ionic strength= 
0.446, and total~ concentrations between 0.01 and 0.10. Half-
times ranged between 4.3 and 45 minute3. As with the Mo 
exchanges, excellent separations giving clear-cut reproducible 
data were devised. 
Cr(III) complexes are characteristically very inert. This 
is the first which has been shown to exchange its Cr(III) 
rapidly. 
Since the half-time for o18 exchange between solvent and 
[cr(H2 0) 6 1+3 is about 40 hours under similar conditions, but the 
H-0 bonds in that cation are labile, it is proposed that Cr0 6 
is exchanging as a unit, with unbroken Cr-0 bonds. This is the 
first case where exchange of an MOx polyhedral unit has been 
indicated. 
The Cr exchange goes more rapidly as the pH is lowered. 
Viewing the heteropoly anions as polynuclear complexes and, 
with respect to each metal atom, as polydentate also, this 
special category of complexes is seen as providing the first 
examples of rapidly exchanging polydentate groups and of poly-
nuclear species which exchange their central atoms very rapidly. 
Kinetic data for the Cr exchange were also collected at 
very nearly constant pH = 1.06. The rate law 
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R = k, [[ CrOsMosO>s+nH2n]-j + k2[[cr(H20ls]+) [crOaMoeO>s+nH211 J-1 
is tentatively advanced because it fits the data fairly well 
when k~ = 1.4 x 10-2 min.-~ and k 2 = 4.0 x 10-~ liter mole-~ 
min.-~. The first order term may indicate a dissociation process 
while the second order term might indicate a simultaneous ion-pair 
path. 
II. 6-Molybdonickelates(II) and 6-Molybdorhodates(III): 
The older literature leaves heteropoly molybdonickelates(II) 
and molybdorhodates(III) in a confused state. 
The only heteropoly molybdonickelate(II) complex obtained in 
the present work, despite varied conditions, was blue. Its 
formula is established as [Ni0 6Mo60~sHe]-4 by a combination of 
analyses, measurements of spectra which, via Ligand Field in-
terpretation, reveal a central Ni0 6 grouping, potentiometric 
titrations, dehydration experiments, fused hydrate cryoscopy, and 
isomorphism with the corresponding tungstate. It has the 
Anderson-Evans structure, with the hydrogen atoms probably at-
tached to the oxygen atoms of the Ni0 6 octahedron. 
The Ni(II) complex is monomeric in solution and solid, 
reversibly decomposes in solution above 60°C., and its free acid 
decomposes fairly rapidly at room temperature. The instability 
constant for the anion, according to the reaction: 
was found to lie between 10-so and lo-ss with the best value 
10-s~ at 32°C. in an aqueous solution saturated with Na 2 S04 • 
This was determined by cryoscopy in fused Glauber's salt. It 
is the first instability constant evaluated for any heteropoly 
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complex. It is also the first instability constant evaluated for 
any complex by this fused hydrate method. The tungstate iso-
morph is very much more stable. 
Oxidation of the 6-molybdonickelate(II) with persulfate 
proceeds only at temperatures where the complex has dissociated. 
The only product resulting is [Ni+4 06 Mo90 2 s]-s, whereas the 
tungstate isomorph gets oxidized only to 6-tungstonickelate(IV). 
By similar experimental attack, the 6-molybdorhodate(III) 
anion was shown to have the formula [Rh06Mo60~s+nH2n]-s. The 
pure new free acid was prepared and its three dissociation con-
stants lie in the range 10-2 to 1.6 x lo-s. 
III. Cryoscopic Determination of Ionic Weights in Soluti?nt 
Ionic weights in solution have been determined by cryoscopy 
in fused Na 2 S04 ·10H 20 for the 6-molybdates of Cr(III), Fe(III), 
Al(III), Co(III) and Ni(II). These ions were shown to be 
monomeric and all except the last were very stable in the sense 
of magnitudes of stability constants. Similarly the 
5-molybdocobaltate(III) anion was shown to be a very stable 
dimer. 
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IV. The Chemistry of Molybdocobaltates: 
Since tungstocobaltates form a very interesting group of 
six interrelated complexes, it was desirable to clarify the 
molybdocobaltates. No correlation between the two systems 
emerged. All the molybdocobaltates found are based on Co0 6 
octahedra. 
Different products were obtained from reactions carried out 
in the presence or absence of active charcoal (or Raney nickel). 
Only H20 2 was effective at oxidizing Co(II) to Co(III) in the 
presence of a surface active catalyst, although the products 
contain. no peroxy groups. Other oxidizing agents were effective 
only in the absence of the catalyst. A quantitative preparation 
for dimeric 5-molybdocobaltate(III), [(coOe) 2Mo~o0 24]-s, in the 
presence of the catalyst, was found. The catalyst speedily de-
composes 6-molybdocobaltate(III). These are the first studies 
of systems involving only polyanion complexes in the presence 
of surface active catalysts. 
The formula of the dimeric 5-molybdocobaltate(III) anion, 
[(coOe) 2Mo~ 0024]-e, was established by a combination of analyses, 
demonstration of diamagnetism, interpretation of absorption 
spectrum, potentiometric titrations, cryoscopy, and dehydration 
studies which show that this complex may be completely dehydrated 
easily, without decomposition. The complex decomposes moderately 
rapidly when the pH is lowered to about 2. A very plausible 
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structure is suggested for it, which reconciles all the evi-
dence. There are apparently very few structural possibilities 
which do this. 
The monomeric 6-molybdocobaltate(III) decomposes into a 
paramagnetic substance upon dehydration, thus indicating, in 
agreement with structural principles, that it and its Cr, Fe, 
Al, Rh, and Ga isomorphs contain constitutional water. Therefore 
they are formulated [xo 6 Mo6 0J.s+nH2 n]-s wherein "n" is probably 3. 
The preparation, described in the earlier literature, of a 
9-molybdocobaltate(IV) could not be repeated and it is extremely 
doubtful if such a complex exists. 
V. The Dimeric 9-Molybdates of P(V) and As(V): 
These anions have been shown to be isomorphous and of 
formula: Exo4 ) 2 MoJ.gOs4 ]-a. This was established by preparation 
and potentiometric titration of exceedingly pure sample~ of 
salts and free acids. For each acid all six dissociation con-
stants lie within the range 10-2 to 10-3 * 5 • The salts may be 
dehydrated completely without decomposition. 
The As complex is very subject to acid-producing hydrolytic 
degradation in solution at room temperature, yielding solutions 
of unchanged appearance but in which the anion is partially 
degraded. The free acid, for example, had to be made at 0°0. 
and immediately titrated at not over 15°0. to obtain consistent 
results. 
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A structural argument shows that the anions are dimeric. 
The complexes are isomorphous with the f form of 
Ks BP04)2W~20s4]·i4H20, for which Dawson reported a partial 
single crystal X-ray struc~~re determination subsequent to the 
development of the structural conclusions given above. Recent 
work in this laboratory on [co04W~ 20 36 ]-s shows that Dawson's 
tentative assignment of oxygen posi~ions was correct. 
Attempts to prepare heteropoly molybdobismuthates(V) or 
molybdoantimonates(V) all failed. 
VI. New Compounds: 
New compounds analyzed and characterized in this work in-
eluded: Nas ~rOaMoa.0~ 5+nH2n ]·xH20 
Na 3 ~10aMoaOl.s+nH2n] ·xH20 
Nas[FeOsMosOl.s+nH2n]·xH20 
Nas[coOsMosO~s+nH2n]·xH20 
Na4 [Ni06 MosOl.gHs ]·16H20 
Na4 [NiOsMoaO l.SHs'] • SH20 
Nas ucoOs) 2Mo~o02J •l8H20 
The foregoing preparations, giving good yields of very pure 
products, are important because these sodium salts are very 
soluble. Up to now, study of solution chemistry of these anions 
was hindered by the unavailability of sufficiently soluble pure 
salts. These compounds were essential for the exchange experiments 
and for the cryoscopic determinations. 
Other analyzed new compounds include: 
H3[RhOeMoeO~s+nH2n] 
H4 [NiOeMoeO~sHeJ (unstable) 
[cN3He] e ((coOe) 2Mo~o024 ].6H20 
Lie [(coOe) 2Mo~o024 ]-16H20 
~CH3) 2NH2]e [(P04) 2Mo~30s4 J·lJ.H20 
He [(P04) 2Mo~sOs4] (very pure for first time) 
EcH3) 2NH2]e EAs04) 2Mo~sOs4] •lJ.H20 
He rrAs04)2Mo~sOs4] (very pure for first time) 
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